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THE INITIATION OF HOT CORROSION 
N .  B i rks  
N e t a l l u r g i c a l  and Mate r i a l s  Engineering Department 
Univers i ty  of P i t t s h r g h  
Abstract  
Sodium c h l o r i d e  is deposi ted on the  s u r f a c e  of alumina s u b s t r a t e s  and 
exposed t o  a i r  c o n t a i n i l g  1% SO a t  temperatures between 5 0 0 ~ ~  and 7 0 0 ~ ~ .  2 
I n  a l l  cases  the sodium c h l o r i d e  was converted t o  sodium s u l f a t e ,  t h e  
v o l a t i l i z a t i o n  of sodium c h l o r i d e  from t h e  o r i g i n a l  salt  p a r t i c l e s  being 
respons ib le  f o r  t h e  development o f  a  uniform coat ing  of  sodium s u l f a t e  on 
t h e  alumina s u b s t r a t e .  A t  temperatures above 625 '~ ,  a  l i q u i d  NaC1-Na SO 2 4 
e u t e c t i c  was formed on t h e  s u b s t r a t e .  The mechanisms f o r  t h e s e  r e a c t i o n s  
a r e  g i v e n ,  one of t h e  main r o l e s  of NaCl i n  low temperature hot  corros ion  
l ies  i n  enabling a co r ros ive  l i q u i d  t o  form. 
When t h e  alumina s u b s t r a t e  is a s c a l e  growing on an a l l o y , t h e  l i q u i d  
s a l t  t h a t  forms was found t o  a t t a c k  t h e  p r o t e c t i v e  l a y e r  aggress ive ly .  It 
was found t h a t  this a t t a c k  i s  i n i t i a t e d  q u i t e  r a p i d l y  a t  7 0 0 ' ~  by s e l e c t i v e  
a c i d i c  a t t a c k  of t h e  alumina l a y e r  by t h e  molten salt  a t  unique s i t e s  s i t u a t e d  
p r imar i ly  along t h e  alumina g ra in  boundaries .  A t  t h e  base  of t h e  p i t s  formed, 
base metal  oxides  were growing which even tua l ly  caused t h e  mechanical break-up 
of t h e  alumina s c a l e  al lowing t h e  molten s a l t  t o  ga in  access  t o  and attack t h e  
metal sur face .  
When water  vapor was added t o  t h e  atmospheres, i ts  r e a c t i o n  r a t e  apparant ly  
increased  and t h e  morphology of t h e  product became more c l e a r l y  c r y s t a l l i n e  
represent ing  s t a c k s  of hexagonal p l a t e s .  The s t a c k s  of p l a t e s  had void  s t r u c t u r e s  
down t h e i r  length .  These f e a t u r e s  i n d i c a t e  a s t r o n g l y  v o l a t i l e  spec ies  t o  be 
involved in t h e  r e a c t i o n  mechanism involving water vapor ,  but i t  was no t  i d e n t i f i e d .  
THE ROLE OF SODIUM CHLORIDE,  D E P O S I T E D  ON OXIDE AND 
PETAL SUBSTRATES I N  TH% IIJITTATTON OF LOW TEXPERATURF, 
HOT COWSION 
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Un ive r s i t y  of P i t t s b u r g h  
I n t r o d u c t i o n  
Air and f u e l  contaminants such. a s  sodium c h l o r i d e  and s u l f u r  d e p o s i t i n g  
on t h e  t u r b i n e  and s t a t o r  b l a d e s  i n  gas  t u r b i n e s  can  l e a d  t o  a c c e l e r a t e d  a t t a c k  
known a s  h o t  co r ros ion .  The mechanisms of h o t  c o r r o s i o n  above 900°c, based 
on l i q u i d  sodium s u l f a t e  depos i t fon ,  a r e  w e l l  understood y 2 ,  whereas 
a c c e l e r a t e d  a t t a c k  i n  t h e  650-750'~ range  is  not  so  w e l l  understood.  
Low tempera ture  h o t  c o r r o s i o n  occurs  below t h e  me l t ing  p o i n t  of sodium 
s u l f a t e ,  predominantly i n  marine environments.  I c g e s t e d  sodium c h l o r i d e  condenses 
on aad c o a t s  campressor Glades '3'4' and is shed when t h e  engine is  a c c e l e r a t e d .  
Some of t h e  p i eces  of sodium c h l o r i d e  a r e  thought t o  b e  s u f f i c i e n t l y  l a r g e  t o  
s u r v i v e  passage through t h e  combustion chamber t o  impinge on t h e  t u r b i n e  and 
s t a t o r  s t a g e s .  
The a i m  of  t h i s  i nves tFga t ion  is t o  understand t h e  mechanisms by which 
depos i ted  sodium c h l o r i d e  promotes low tempera ture  h o t  co r ros ion  a t t a c k .  To 
t h i s  end a s u c c e s s f u l  appa ra tus  and exper imenta l  t echnique  have been devised  and 
experiments  have been c a r r i e d  o u t  over  a wide range of cond i t i ons  t o  s tudy ,  
i n i t i a l l y , t h e  conversion of sodium c h l o r i d e  t o  sodium s u l f a t e  on a n  alumina 
s u b s t r a t e  and,  secondly ,  t h e  r e a c t i o n  l e a d i n g  t o  t h e  i n i t i a t i o n  of h o t  c o r r o s i o n  
of a preoxid ized  metal sample. The t e chn iques ,  r e s u l t s  and conclus ions  reached 
a r e  desc r ibed  i n  t h i s  r e p o r t .  
Background 
HcCreath ( 3 y 4 )  has  shown t h a t  a  gas t u r b i n e  compressor w i l l  e f f i c i e n t l y  remove 
s a l t  p a r t i c l e s  from t h e  a i r ,  a  depos i t  t h a t  b u i l d s  up, during c ru i s ingor  i d l i n g  
is  shed when t h e  engine a c c e l e r a t e s  t o  f u l l  power producing a  shower of sodium 
c h l o r i d e  p a r t i c l e s .  Such p a r t i c l e s  impact on t h e  t u r b i n e  b lades  and then r e a c t  
during opera t ion .  For t h i s  reason i t  is u n l i k e l y  t h a t  sodium c h l o r i d e  d e p o s i t s  
would be observed on stripdown. 
Root and Stetsonc5) used a  burner  ri .g t o  s tudy t h e  depos i t ion  of s a l t  on 
specimen t a r g e t s  and found t h a t  a  low-melting l i q u i d  of high c h l o r i d e  content  was 
depos i ted  on cyc l ing  t h e  temperature through t h e  650-7.50'~ zone r e s u l t i n g  i n  
high r a t e s  of a t t a c k .  Thermal shock may a l s o  have been a  con t r ibu t ing  f a c t o r .  
Kohl, Santoro , Stea rns ,  Fryhurg and ~ o s n e r  '6' concluded t h a t  conversion 
of NaCl vapor t o  N a  SO s o l i d  r e q u i r e s  about 2 .2  X 10-' sec.  which is l e s s  than 2 4 
t h e  res idence  t i m e  f o r  gases  i n  t h e  combustion chamber. Any sodium c h l o r i d e  t h a t  
d e p o s i t s  on t h e  t u r b i n e  o r  s t a t o r  b l ades  must t h e r e f o r e  be p a r t i c u l a t e  and o r i g i n a l l y  
l a r g e  enough t o  su rv ive  passage through t h e  combustion chamber. 
Since t h e  combustion gases  con ta in  s u l f u r o u s  oxides and oxygen, i t  is  necessary  
t o  i n q u i r e  i n t o  t h e  conversion of sodium c h l o r i d e  t o  sodium s u l f a t e  and i ts  
i n t e r a c t i o n  with growing p r o t e c t i v e  oxide s c a l e s .  
Conde' , Birks ,  Hocking and V a ~ a n t a s r e e ' ~ )  i n j e c t e d  b r i n e  wi th  t h e  exhaust  
of a  burner  r i g  and depos i ted  t h e  r e s u l t i n g  condensed p a r t i c l e s  onto alumina 
d i sks .  The f u e l  used contained 0.1% s u l f u r  and the sodium c h l o r i d e  r eac ted  r e a d i l y  
in t h e  temperature range 6 5 0 - 8 5 0 ~ ~  producing a  depos i t  s t r u c t u r e  of a l t e r n a t e  
NaCl and Na SO lamel lae  t y p i c a l  of a  s o l i d i f i e d  e u t e c t i c .  2 4 
F i e l d e r ,  S t e a m s ,  Kohl and Fryburg '8-10) s tud ied  t h e  conversion of NaCl 
s i n g l e  c r y s t a l s  t o  Na  SO between 325-~LOOC, using an  automatic  thermobalance 2 4' 
They concluded t h a t  t h e  r e a c t i o n  may proceed by two r e a c t i o n s  depending on 
whether wa te r  vapor i s  p r e s e n t .  
2NaC1 + SOj(g) 
+ 02(g) = Na SO 2 4 ( s )  + C 1  2 ( g )  ; AGO = -34900 + 21.30 T c a l  ( I  (s)  
and 2NaC1 + S O  3(g) + *2O(g) = N a  S O  + 2 HC1 AGO = -20900 + 5.15 T cal ( 2 )  ( s )  4Cs) ( g )  ' 
In  t he  anhydrous c a s e  an  a c t i v a t i o n  energy of o n l y  5100 c a l  w a s  ob ta ined  and 
0 
t h e  r e a c t i o n  product  was a porous l a y e r  of sodium s u l f a t e  between 330-625 C,  
whereas a l i q u i d  product  formed above 6 25' c . 
. (8-10) The fo l lowing  s t a g e s  were proposed f o r  the mechanism of t h e  r e a c t i o n  
1. A p l a n a r  SO s p e c i e s  forms on t h e  c h l o r i d e  s u r f a c e .  4 
2. Th i s  a s s o c i a t e s  forming a t r i g o n a l  Gipyramid S 0 s p e c i e s .  2 7 
3 .  The t r i g o n a l  bipyramid S 0 r e a r r a n g e s  t o  t e t r a h e d r a l  S 0 2 7 2 7' 
2 - 4. E l e c t r o n s  t r a n s f e r  t o  t h e  S 0 forming SO s t a b l e  i o n s  and C 1  2 7 ,  4 2 
gas is r e l e a s e d .  
S tep  3, rearrangement  of  S207, i s  cons idered  t o  be t h e  r a t e  de te rmining  
s t e p ,  t h e  s u r f a c e  r e a c t i o n  account ing  f o r  t h e  low a c t i v a t i o n  energy.  The 
r e a c t i o n  r a t e  was expressed  as :  
-3 - 1 
R = 4 .5  P exp. (-5100/RT) mg cm - s e c  . 
S03 
where P i s  i n  atmospheres.  The atmospheres used were e q u i l i b r a t e d  by c a t a l y s i s  
S03 (11) us ing  plat inum , 
S t e a r n s ,  Kohl, Fryberg and Miller ( I 2 )  showed t h a t ,  a t  900°c, Na2S04 would 
absorb NaCl vapor  from t h e  atmosphere.  However, due t o  t h e  low concen t r a t ions  of 
sodium c h l o r i d e  i n  t h e  t u r b i n e  engine  atmospheres,  t h e  chances of absorb ing  
(12) 
s u b s t a n t i a l  amounts of N a C l  by t h i s  mechanism a r e  low . 
It appea r s  t h e r e f o r e  t h a t  the p r a c t i c a l  source  of sodium c h l o r i d e  d e p o s i t i n g  
downstream of  t he  combustion chamber i s  t h e  shedding of f a i r l y  l a r g e  p a r t i c l e s  from 
t h e  l a t e  s t a g e  compressor b l a d e s .  
The work t o  be descr ibed  is ,  th .erefore ,  concerned with t h e  t ransformat ion  
of N a C l  p a r t i c l e s  on an alumina s u b s t r a t e  exposed t o  atmospheres con ta in ing  su l fu rous  
oxides. It i s  a l s o  concerned wi th  th.e i n t e r a c t i o n  of t h e  d e p o s i t s  wi th  t h e  sub- 
s t r a t e  and t h e  mechanisms by which p r o t e c t i v e  s c a l e s  may be degraded i n  t h e  presence 
of molten s a l t s .  
It is appropr i a t e  t o  cons ider  t h e  main mechanisms by which p r o t e c t i v e  s c a l e s  
can be degraded by molten salts. me most important s t a g e  being t h e  i n i t i a t i o n  of 
hot  corros ion .  If t h e  i n i t i a t i o n  mechanism can b e  understood, i t  may be p o s s i b l e  
t o  take  s t e p s  t o  lengthen t h e  incubat ion  period.  
Hot co r ros ion  s tud ies -  c a r r i e d  o u t  so  f a r  c1'2 '5 s8-20) i n d i c a t e  t h a t  i n i t i a t i o n  
may be due t o  chemical a t t a c k  o r  t o  phys ica l  damage of the  p r o t e c t i v e  scale. 
Bornstein and DeCrescente 'I3 '14' found t h a t  a t h i n  l a y e r  of Ne SO placed 2 4 
on t h e  s u r f a c e  of n i c k e l  a l l o y s  caused marked enhancement of t h e  r e a c t i o n  r a t e s  
i n  a i r  a t  1 0 0 0 ~ ~ .  They concluded t h a t  t h e  high r a t e s  of a t t a c k  were due t o  t h e  
presence of oxygen i o n s ,  i n  t h e  s u r f a c e  l i q u i d  l a y e r ,  i n  s u f f i c i e n t  concent ra t ion  
t o  f l u x  any p r o t e c t i v e  ox ide  t h a t  was i n  t h e  process of forming. Thus t h e  fused 
s a l t  was allowed t o  con tac t  t h e  m e t a l  and r a p i d  r e a c t i o n  ensued. 
Th.e s u b j e c t  of h o t  co r ros ion  and an understanding o f  t h e  r e l e v a n t  mechanisms 
was provided by Goebel and pe t t i t ' ' )  and Goebel, P e t t i t  and ~ o w a r d ( * )  f o r  t h e  cases  
of n i c k e l  and n i c k e l  base  a l l o y s  r e s p e c t i v e l y .  This  was l a t e r  extended i n t o  a 
(21) u n i f i e d  t rea tment  by Giggins and P e t t i t  . 
I n  t h e  c a s e  of n i c k e l ,  i t  i s  proposed t h a t  t h e  s u l f a t e  m e l t  con ta ins  oxygen 
ions by e q u i l i b r a t i o n  w i t h  t h e  atmosphere 
2- 2 - SO4 = so3 + 0 
The r e s p e c t i v e  a c t i v i t i e s  of t h e  s u l f a t e  ions  and t h e  oxide  ions  be ing  
determined by t h e  salt composition and t h e  S O  p a r t i a l  pressure  of t h e  atmosphere. 3 
Figure 1 shows Goebel and P e t t i t ' s  model f o r  the Na SO induced a c c e l e r a t e d  2 4 
oxidat ion  of n i cke l .  I n i t i a l l y ,  t h e  formation of t h e  N i O  on t h e  metal  s u r f a c e  
removes some oxygen from t h e  melt  which consequently inc reases  t h e  s u l f u r  
p o t e n t i a l .  
SO:-= s2- + 2 O 2  = S + 3/2 O2 + 0'- ( 4  
The s u l f u r  p o t e n t i a l  reaches  a  v a l u e  a t  which n i c k e l  s u l f i d e  may form i n  
t h e  metal  below t h e  N i O  l aye r .  The removal of both  oxygen and s u l f u r  from t h e  
molten s a l t  r e s u l t s  i r a  n e t  inc rease  i n  t h e  oxygen i o n  concent ra t ion  reaching a 
l e v e l  a t  which n i c k e l a t e  i o n s ,  s o l u b l e  i n  t h e  l i q u i d  s a l t ,  may form. This  occurs  
a t  t he  scale-melt i n t e r f a c e ,  t h e  d i s so lved  n i c k e l a t e  ions  migra te  ou t  through 
t h e  molten s a l t  t o  the  sa l t -gas  f n t e r f a c e  where t h e  high oxygen and s u l f u r  p a r t i a l  
p res su res  cause them t o  d i s s o c f a t e  t o  form N i O  p a r t i c l e s .  
A t  meta l -sa l t  i n t e r f a c e  
3 N i  + 312 O 2  = 3 N i O  
A t  sa l t -gas  i n t e r f a c e  
2 - 2 N ~ O ;  = 2 N i O  -f- 0 + 112 o2 
Thus t h e  Na SO can,  of  fts own accord ,  cause an  i n i t i a l  r e a c t i o n  t o  occur,  2  4  
The con t inua t ion  of the  a t t a c k  i s  ensured,  however, only  so long a s  t h e  atmosphere 
can supply s u l f u r o u s  gases t o  t h e  melt  su r face .  The p r a c t i c a l  r e s u l t  of t h i s  is t h e  
formation of a  porous non-protective l a y e r  of N i O  which l eads  t o  very h igh  r e a c t i o n  
rates . .  
These i d e a s  a l s o  apply  t o  t h e  a t t a c k  of a l l o y s  which r e l y  f o r  t h e i r  p r o t e c t i o n  
on t h e  formation of l a y e r s  of slow growing C r  0 and Al2O3 Both of t h e s e  oxides 2 3 
may be f luxed  by excess  oxygen i o n s  accord ing  t o  
2- Cr203 + O = 2 C ~ O ;  
and A1203 + 02- = 2 ~ 0 ;  
These ions  mig ra t e  through the s a l t  l a y e r  t o  sites of h i g h e r  oxygen p o t e n t i a l  
c l o s e  t o  t h e  sa l t -gas  i n t e r f a c e  where they  p r e c i p i t a t e  o u t  a s  t h e  oxides  C r  0 2 3 
and Al 0 r e l e a s i n g  oxygen i o n s  accord ing  t o  t h e  r e v e r s e  r e a c t i o n s .  2 3 
Re.actions such a s  8,  11 and 12  r e p r e s e n t  t h e  f l u x i n g  of s o l i d  oxides  by oxygen 
i o n s  i n  a m e l t  t o  form a s o l u b l e  product .  Th i s  is c a l l e d  b a s i c  f l u x i n g  and occurs  
when an  excess  o f  oxygen ion  is p resen t .  
When t h e  c o n e n t r a t i o n  of oxygen ions  is v e r y  low then  t h e  oxide  may simply 
d i s s o c i a t e  t o  form oxygen i o n s  i n  t h e  s o l u t i o n  by r e a c t i o n s  such as 
Th i s  i s  c a l l e d  a c i d  f l u x i n g  and i t  -is f a i r l y  c l e a r  t h a t  f o r  each oxide 
t h e r e  e x i s t s  a c r i t i c a l  oxygen i o n  concen t r a t ion  which is  de f ined  by e q u i l i b r i a  
s i m i l a r  t o  t h e  . ca se  below f o r  aluminum, 
~ 1 0 ;  = A13' + 202- 
where [02-l2 = cons t .  [A~o; ]  
2 - 
Equation 15 d e f i n e s  t h e  c r i t i c a l  v a l u e  of t h e  0 concen t r a t ion  above which 
A1203 ( s )  w i l l  d i s s o l v e  a s  ~ 1 0 ;  an ions  by b a s i c  f l u x i n g  and below which it w i l l  
2- d i s s o l v e  a s  ~ 1 ~ '  and O i o n s  by a c i d  f l u x i n g  . 
This  concept  h a s  been expressed  by  Gupta and ~ a p p ( ~ ~ ' ) .  There i s  a s p e c i f i c  
c r i t i c a l  oxygen i o n  concen t r a t ion  f o r  each oxide.  Thus i t  is p o s s i b l e ,  i n  a g iven  
m e l t  w i t h  f i x e d  P , t h a t  one ox ide  w i l l  d i s s o l v e  a c i d i c a l l y  and ano the r  w i l l  
S03 
d i s s o l v e  b a s i c a l l y .  This  is a consequence of  t h e  wide ly  d i f f e r e n t  s t a b i l i t i e s  of 
t h e  v a r i o u s  complex an ions  t h a t  can be  formed. 
For i n s t a n c e  t h e  format ion  of ve ry  s t a b l e  vanadate ,  molybdate and t u n g s t a t e  
an ions  by b a s i c  fluxing may denude t h e  molten s a l t  of oxygen i o n s  t o  t h e  e x t e n t  
t h a t  o t h e r  oxides such a s  h1203, C r  2  0  3 and N i O  d i s s o l v e  by simple i o n i z a t i o n  
o r  a c i d  f lux ing .  
Th i s  a l s o  h a s  an impor tan t  consequence a s  i r id ica ted  by Deadmore and Lowell 
(17) 
i n  t h a t  t h e  a d d i t i o n  of i m p u r i t i e s  l e a d i n g  t o  t h e  format ion  of s t a b l e  an ions  
such a s  ~ a n a d a t e s ~ t u n g s t a t e s  and molybdates n o t  on ly  i n c r e a s e s  t h e  r e a c t i o n  
r a t e s  b u t  a l s o  a l lows  l i q u i d s  t o  form a t  lower tempera tures  due t o  t h e  format ion  
of d e p o s i t s  w i th  me l t i ng  p o i n t s  w e l l  below 700°C. A p a r a l l e l  c a s e  where mixing 
of an ions  l e a d s  t o  low me l t ing  p o i n t  l i q u i d  d e p o s i t s  was r epo r t ed  by Root 
and s tetson( ' )  who found t h a t  mix tures  of NaCl and Na2S04 formed l i q u i d s  t h a t  
could be  a g r e s s i v e  down t o  650°C. 
The above l a y s  down t h e  c o n d i t i o n s  under which chemical a t t a c k  of t h e  s c a l e  
may occur .  The a l t e r n a t i v e  mode of i n i t i a l  deg rada t ion  of t h e  s c a l e  i s  t h e  
phys ica l  r u p t u r e  of t he  p r o t e c t i v e  s c a l e  a s  proposed by s e v e r a l  i n v e s t i g a t o r s  (7,22-25) 
Bancock and Hurst  (22 326) monitored t h e  c o n d i t i o n  o f  growing surf a c e  oxides 
by us ing  a  v i b r a t i o n a l  technique  t h a t  is very  s e n s i t i v e  t o  t h e  i n t e g r i t y  of t h e  
s u r f a c e  l a y e r s  of t h e  specimen. They ~howed t h a t ,  whereas t h e  alumina s c a l e  on 
B1900 was no t  s t r o n g l y  adherent  and may a l low the  molten salts t o  g a i n  acces s  t o  
t h e  meta l  s u r f a c e ,  i t  was n o t  a f f e c t e d  by t h e  presence  of N a C l  i n  t h e  atmosphere.  
On t h e  o t h e r  hand, p r o t e c t i v e  s c a l e s  based on Cr20g are very  s e n s i t i v e  t o  t h e  
presence of NaCl and form v o l a t i l e  chromium c h l o r i d e s  and oxychlor ides  which can 
r u p t u r e  t h e  s c a l e  i f  t hey  form a t  t h e  meta l - sca le  i n t e r f a c e .  I n  e i t h e r  c a s e  t h e  
l o s s  of mechanical i n t e g r i t y  of t h e  s c a l e  a l lows  t h e  molten salts t o  g a i n  acces s  t o  
t h e  metal-scale  i n t e r f a c e  r e s u l t i n g  i n  a c c e l e r a t e d  co r ros ion .  
The phys ica l  d e t e r o r i a t i o n  of p r o t e c t i v e  oxide s c a l e s  i s  an  important 
sub jec t  i n  concept but  very  d i f f i c u l t  t o  i n v e s t i g a t e .  Consequently t h e r e  a r e  more 
unsubs tant ia ted  hypotheses than hard f a c t s  concerning t h i s  s u b j e c t .  
S t e a r n s  (23) used h igh  p ressu re  sampling techniques t o  e x t r a c t  v o l a t i l e  
spec ies  from preoxidized samples, hea ted  i n  t h e  presence of N a C l  and H 0 ,  f o r  2 
i d e n t i f i c a t i o n  i n  t h e  mass spectrometer .  Using IN-738 and 713C he 
i s o l a t e d  the  fol lowing v o l a t i l e  s p e c i e s :  
Cro2(0H) Y (NaCl) Cr03(g) ( g) (x = 1, 2,  31,; 
(NaOH) C r O  
x 3(g) ( x  = 1, 2,  MOO^)^(^), (El00$ 4 (g)y 
( N ~ c ~ ) ~ ( M O O , ) ~  x = 1, 2 1, MOO* (OH) 2 (g) 
Most of these  spec ies  a r e  r e l a t i v e l y  complex molecules,  the s impler  s p e c i e s  
Cr02C12, C r C l  and C r C 1  were not idenf i f  i e d .  2 3 
~ o n d e ' ~ )  proposed t h a t  NaCl was r e spons ib le  f o r  causing i n i t i a l  damage t o  
C r  0 s c a l e s  and, by formation of v o l a t i l e  c h l o r i d e s ,  f o r  t r a n s f e r i n g  chromium 2 3 
through t h e  s c a l e .  H e  d i d  no t  j u s t i f y  the proposals  thermodynamically. 
S imi la r ly  Smeggil and ~ o r n s t e i n ' ~ ~ )  proposed t h a t  t h e  v o l a t i l e  s p e c i e s  
AlOClor A1C13 h e l p  rup tu re  alumina s c a l e s  i n  t h e  presence ofNaCl and H 0.  2 
Other ideas  proposed f o r  t h e  i n i t i a l  phys ica l  degradat ion of t h e  s c a l e s  
included impact p res su res ,  b u t  s a l t  p a r t i c l e s  up t o  10pm were thought t o  b e  too 
smal l  t o  cause damage (2 0) (25).  Hossain and Saunders suggested t h a t  t h e  s u b s t i t u t i o n  
of CZ- on t h e  oxide l a t t i c e  would cause c a t i o n  vacancies t o  form which may 
agglomerate and form voids  a t  t h e  a l l o y  s c a l e  i n t e r f a c e .  This  sugges t ion  has  
not  been s u b s t a n t i a t e d  and i t  is  d i f f i c u l t  t o  see  how t h e  agglomeration of 
vacancies of one charged spec ies  only can l e a d  t o  t h e  formation of vo ids ,  without  
t h e  p o s s i b i l i t y  of vacancies a r i s i n g  on t h e  anion sub l a t t i c e  such a processwould I 
appear t o  be impossible. 
In conclusion, the hot corrosion reaction mechanisms are well understood 
at high temperatures around 900°c, however, little attention has been paid to 
the low temperature range between 500-700'~ and the mechanism in this temperature 
range is not clear. The initlation of the reaction may occur by chemical attack 
of the scale, rnechanZcally by variousmechanisms or by a combination of these 
processes. 
In the program of investigation to be described,the work is split into two 
parts Ca) the conversion'of NaCl to Na SO on an alumina substrate over the 2 4 
temperature range 500-700~~, (b) the reactions involved in the initiation of 
hot corrosion attack on an alumina scale growing on an alloy. 
EXPERINENTAL TXCHNZ QUES 
The i n t e n t i o n  of t h i s  program was t o  i n q u i r e  i n t o  t h e  mechanisms by which 
NaCl t ransforms t o  Sa SO no t  t o  measure t h e  k i n e t i c s  of t h e  r e a c t i o n  which w a s  2 4 
( 8 , 9 )  t h e  s u b j e c t  of a p a r a l l e l  s tudy  by F i e l d e r  
The i n i t i a l  work involved  e s t a b l i s h i n g  sodium c h l o r i d e  p a r t i c l e s  on an 
alumina s u b s t r a t e  a t  t empera ture ,  i n t roduc ing  an  atmosphere of a i r  and SO 
2 
w i t h  which t h e  d i s c r e t e  s a l t  p a r t i c l e s  can r e a c t  and f i n a l l y  s topping  t h e  
r e a c t i o n  by p u l l i n g  t h e  alumina t a b l e t  s u b s t r a t e  i n t o  a coo l  zone of t h e  furnace .  
The appa ra tus  used is  shown i n  F igures  2-5. The sodium c h l o r i d e  s i n g l e  
c r y s t a l s , o b t a i n e d  from NASA-Lewis,were ground and s i z e d  i n  a mo i s tu re - f r ee  
atmosphere i n  a perspex d r y  box con ta in ing  P 0 powder i n  s e v e r a l  bowls. 2 5 
The crushed and graded NaCl p a r t i c l e s  were s t o r e d  i n s e a l e d  g l a s s  c o n t a i n e r s  
kep t  i n  t h e  d ry  box. Th i s  i s  shown i n  F igu re  2.  
A second sma l l e r  d ry  box,over t h e  fu rnace  t u b e , i s  used t o  a l low t h e  N a C l  
p a r t i c l e s  t o  be added t o  t h e i r  hopper w i thou t  exposure t o  mois ture  i n  t h e  
t r a n s f e r e n c e .  T h i s  can also be  seen i n  F i g u r e  2. 
I n  F igure  3 is  shown t h e  d iagramat ic  r e p r e s e n t a t i o n  of t h e  a p p a r a t u s ,  
a photograph of t h e  a c t u a l  assembly i s  g iven  i n  F i g u r e  4 .  
The d r i e d  s a l t  powder i s  placed i n  a hopper above t h e  r e a c t i o n  tube  a s  shown 
i n  F igure  3. The hopper is  connected v i a  two g r e a s e l e s s  t aps  t o  t h e  r e a c t i o n  
tube. Between t h e  two t a p s  i s  a space  which i s  f i l l e d  wi th  s a l t  powder by 
opening t h e  upper t ap .  When t h i s  is  f u l l ,  t h e  upper t a p  i s  r o t a t e d  t o  exclude t h e  
hopper b u t  t o  open t o  a supply  of t h e  gas t o  be used as the  atmosphere. The 
bottom t a p  i s  opened and t h e  metered s a l t  powder is blown i n t o  t h e  appara tus .  
S a l t  p a r t i c l e s  impinge on t h e  specimen and a r e  seen t o  be r e t a i n e d  on t h e  specimen 
surface..  The two raps  a r e  now c losed  and t h e  gas stream admit ted t o  t h e  fu rnace  
through t h e  p r e h e a t e r  tube .  The specimen and fu rnace  w e r e  brought t o  tempera ture  
i n  t h e  fu rnace  b e f o r e  adding t h e  s a l t  b u t  t h e  a i r  - SO mixture  is on ly  added 2 
a f t e r  t h e  s a l t  p a r t i c l e s  a r e  in t roduced .  The air-SO mixture  may b e  used r o  2 
i n t roduce  t h e  s a l t  o r  a s t ream of n i t r o g e n  may be  used f o r  t h i s  purpose. 
The gas  e x i t s  a t  t h e  t op  of  t h e  appa ra tus  and is taken  t o  a fume cupboard 
f o r  d i s p o s a l ,  
The specimen,which may be  an  alumina d i s c  s u b s t r a t e  o r  a preoxid ized  p i e c e  
a 
of me ta l ,  i s  supported OD a contoured p i e c e  of alumina b r i c k  which sits on t h e  
top  of a s i l i c a  p e d e s t a l  which is h e l d  and s e a l e d  i n t o  t h e  fu rnace  by two '0' 
r i n g s  through which it may b e  withdrawn r a p i d l y  i n  o r d e r  t o  b r i n g  t h e  sample i n t o  
t h e  co ld  zone of t h e  appa ra tus  f o r  r a p i d  coo l ing .  
The fu rnace  is supported on a v e r t i c a l  t r a c k  and counterbalanced so t h a t  it 
can b e  r a i s e d  and lowered e a s i l y .  The temperature is  c o n t r o l l e d  t o  w i t h i n  - + 2 ° C  
and measured us ing  e i r h e r  a chromel-alumel o r  a plat inum/plat inum 10%rhodium 
thermocouple i n s e r t e d  through t h e  gas e x i t  t ube  t o  t h e  h o t  zone. Readings a r e  
supported by a s i m i l a r  couple  i n s e r t e d  up t h e  c e n t e r  of the hollow s i l i c a  
specimen suppor t  tube .  Good agreement i s  obta ined  between the  twothermocouples.  
The gas s t ream of a i r  and SO2 i s  d r i e d  by pass ing  over  magnesium p e r c h l o r a t e  
and phosphoruspentoxide b e f o r e  e n t e r i n g  t h e  r e a c t i o n  tube .  The gas  composi t ion 
could be  a d j u s t e d  by va ry ing  t h e  flow r a t e s  of t h e  component g a s e s , a i r  f SO2 
and a i r ,  u s ing  f low meters .  
Alumina s u b s t r a t e s  were c u t  as d i s k s  about  2mm t h i c k  from an alumina rod 
8rnm i n  d iameter .  These d i s k s  were ground t o  a f l a t  s u r f a c e  and f i n i s h e d  wi th  
600 g r i t  S i c  ab ra s ive .  They were then c leaned  i n  ace tone  and s t o r e d  i n  a d e s s i c a t o r  
f o r  f u t u r e  use.  
X e t a l  samples of t h e  a l l o y  HOS 875 (.Fe-20Cr-5Al-lZr-O.SSi), s.upplied by 
NASA-Lewis , were c u t  i n t o  coupons 12mm X 8mm X 1.5mm. These were a l s o  ground 
t o  600 g r i t  and c leaned  wi th  a c e t o n e .  
These specimens were preoxid ized  a t  1300°C f o r  12 h r s .  t o  produce a l a y e r  
of a-A1 0 about  6pm t h i c k .  Af t e r  p r e o x i d a t i o n ~ t h e  specimens were cooled t o  2 3 
room temperature i n  t h e  fu rnace ,  c leaned wi th  ace tone  and s t o r e d  i n  a d e s s i c a t o r .  
To c a r r y  o u t  a n  experiment ,  a specimen, alumina d i s k  o r  HOS 875 preoxid ized  
coupon, w a s  p laced  on t h e  s i l i c a  suppor t  t u b e  then  p laced  i n  t h e  r e a c t i o n  tube  i n  
t h e  h o t  zone p o s i t i o n  and s e a l e d .  
The fu rnace  w a s  hea t ed  t o  t h e  s e l e c t e d  tempera ture  and sa l t  p a r t i c l e s  were 
in t roduced  from t h e  hopper a s  descr ibed .  A f t e r  i n t roduc ing  t h e  sal t ,  t h e  d e s i r e d  
gas f low was e s t a b l i s h e d  through t h e  fu rnace  f o r  t h e  predetermined r e a c t i o n  t i m e  
which could vary  from one minute t o  s e v e r a l  hours  a t  t empera tures  between 500-700°C. 
A f t e r  t h e  p re sc r ibed  t i m e  t h e  samples were withdrawn. The run  be ing  
te rmina ted  by swi t ch ing  o f f  t h e  gas f low and t h e  furnace .  Alumina s u b s t r a t e  
specimens were cooled r a p i d l y  by p u l l i n g  t h e  s i l i c a  suppor t  t u b e  r a p i d l y  i n t o  t h e  
coo l  zone whereas,  t o  avoid thermal  stress c rack ing ,  t h e  preoxid ized  HOS-875 
specimens were cooled  more s lowly  i n  t he  h o t  zone w i t h  t h e  fu rnace  a s  t h e  power 
was switched o f f .  
C e r t a i n  specimens were coated w i t h  a s a t u r a t e d  s o l u t i o n  of N a C l  o r  Na2S04 i n  
o r d e r  t o  apply t h e  s a l t s  i n i t i a l l y  t o  a s p e c i f i c  s u r f a c e  a rea .  I n  t h e s e  c a s e s  
t h e  specimens were d r i e d  a t  150°C. 
Af t e r  exposure t h e  specimens w e r e  examined ,opt ica l ly  and i n  t h e  &tlR-9000 
SEM w i t h  energy d i s p e r s i v e  x-ray a n a l y s i s , t o  d e t e c t  t h e  presence and d i s t r i b u t i o n  
of v a r i o u s  elements  on t h e  specimen s u r f a c e .  Compounds p r e s e n t  were i d e n t i f i e d  
by x-ray d i f f r a c t i o n  techniques .  
Ce r t a in  specimens were sec t ioned  t o  examine t h e  sa l t - sca le -meta l  i n t e r f a c e s .  
These specimens were mounted i n  epoxy r e s i n  and po l i shed  i n  kerosene ,  
e n t i r e l y  exc luding  moi s tu re  from t h e  procedure t o  avoid  d i s s o l v i n g  t h e  sal ts ,  
and cleaned w i t h  acetone.  
Ea r ly  examination us ing  SEM-EDX were c a r r i e d  ou t  u s ing  gold evapora ted  
f i lms  f o r  s u r f a c e  conduct ion.  I n  s p i t e  of t h e  proximity of t h e  p r i n c i p a l  gold 
and s u l f u r  l i n e s ,  i t  was easy  t o  d e f i n e  t h e  presence  of s u l f u r  however, t o  avoid 
t h i s  c o n f l i c t ,  carbon shadowing was used subsequent ly  wherever f e a s i b l e .  
I n  o r d e r  t o  s tudy  t h e  e f f e c t  of mo i s tu re  when neces sa ry ,  p rov i s ion  w a s  made 
i n  t h e  appa ra tus  f o r  t h e  gas  t o  b e  bubbled through a water  b a t h  s o  t h a t  water 
vapor is  e n t r a i n e d .  The wa te r  vapor  p re s su re  was measured s a t i s f a c t o r i l y  by p a s s i n g  
t h e  gas s t ream through a chamber i n  which were s e a l e d  a thermometer and a humidi ty 
meter. It was found p o s s i b l e  t o  add water  vapor  t o  a l e v e l  of about  I%, accord ing  
t o  a r e l a r i v e  humidity reading  of 40% a t  a tempera ture  of 20°C, by bubbling t h e  
gas ' t h rough  an i ce -wa te r  mixture  a t  O°C. By modifying t h e  temperature of t h e  
e n t r a i n i n g  water  bath,  t h e  water  vapor  con ten t  could b e  v a r i e d  r e a d i l y .  
RESULTS 
The v e r y  s imple  appa ra tus  and techniques  r e s u l t e d  i n  ve ry  few problems 
and t h e  only  d i f f i c u l t y  h a s  been c o n t r o l l i n g  p r e c i s e l y  t h e  amount of NaCl t h a t  
w a s  r e t a i n e d  on t h e  specimen s u r f a c e .  However, t h e r e  was always s u f f i c i e n t  f o r  
t h e  purpose and: if  i t  was r equ i r ed  t o  p o s i t i o n  t h e  salt accu ra t e ly , , i t  could b e  
done by apply ing  t h e  s a l t  e x t e r n a l l y  from a s a t u r a t e d  s o l u t i o n  and dry ing .  
There h a s  been l i t t l e  o r  no damage t o  t h e  s i l i c a  r e a c t i o n  tube  due t o  sal t  
at tachment  i n  t h e  h o t  zone. The sal t  p a r t i c l e s  appa ran t ly  e i t h e r  adhere  t o  t h e  
specimen o r  f a l l  t o  t h e  bottom of t h e  r e a c t i o n  tube .  
The s a l t  p a r t i c l e s ,  ground and s i z e d  t o  berween 170 and 200 mesh, t o  produce 
l O h m  p a r t i c l e s ,  a r e  angular  a s  shown i n  Figure  6 .  This  type of s a l t  powder was 
used i n  a l l  of t h e  experiments except  when t h e  s a l t  was appl ied  a s  a s a t u r a t e d  
so lu t ion .  
The program of i n v e s t i g a t i o n  cons i s t ed  of two p a r t s .  F i r s t l y  us ing  alumina 
s u b s t r a t e s  t o  s tudy t h e  conversion of sodium c h l o r i d e  t o  sodium s u l f a t e  over 
t h e  temperature range 500-700°C i n  s e v e r a l  atmospheres. Secondly t o  use  t h i s  
information t o  i n t e r p r e t  t h e  r o l e  of NaC1 i n  t h e  i n i t i a t i o n  of low temperature 
hot  corros ion  e s p e c i a l l y  over t h e  temperature range 650-700°C. 
. , 
I. CONVERSION OF NaCl TO Na,SO, ON ALUMINA SUBSTRATES 
The s u r f a c e  of t h e  alumina d i s k  f r e s h l y  sec t ioned us ing  a diamond c u r t e r  
i s  shown i n  Figure  7. 
S a l t  p a r t i c l e s  were dropped on t o  such d i s k s  which were then reac ted  i n  a i r  
+ 0.2% SO and a i r  +0.99% SO atmospheres bo th  anhydrous and conta in ing  1% H 0 a t  2 2 2 
temperatures of 500, 600, 650 and 700°C f o r  va r ious  p rese lec ted  times. The r e s u l t s  
of these  experiments w i l l  now b e  presented  below. 
Anhydrous Conditions 
500 " C 
The r e a c t i o n  apparant ly  proceeded very  slowly a t  t h i s  temperature. A s a l t  
p a r t i c l e  on t h e  alumina s u b s t r a t e  is  shown a f t e r  120 minutes exposure i n  a i r  + 
0.2% SO i n  Figure  8. The accompanyingEIXYtrace shows s t rong  c h l o r i n e  and weak 2 
s u l f u r  i n d i c a t i o n s .  Thus w e  may i n f e r  t h a t  t h e  r e a c t i o n  has not  proceded very  
r a p i d l y  a t  t h i s  s t age .  
On the  EDX t r a c e  t h e r e  is  an i n d i c a t i o n  of t h e  presence of aluminum on t h e  
upper su r face  of t h e  p a r t i a l l y  converted s a l t  p a r t i c l e ,  This  gave rise t o  
specu la t ion  about t h e  r o l e  of v o l a t i l e  aluminum compounds i n  the  r e a c t i o n s .  
Later  experiments however showed conclus ive ly  t h a t  t h e s e  i n d i c a t i o n s  of aluminum, 
which appeared from t i m e  t o  time, were due t o  e l e ~ t r o n s ~ s c a t t e r e d  from t h e  angled 
s a l t  p a r t i c l e  f a c e , s t r i k i n g  the  alumina s u b s t r a t e  and giving rise t o  c h a r a c t e r i s t i c  
aluminum l i n e s  on EDX. This  w i l l  b e  d iscussed  l a t e r .  
I n  Figure  9 is  seen t h e  s u r f a c e  of t h e  N a C l  p a r t i c l e  exposed t o  a i r  + 0.99% SO 2 
f o r  240 minutes. I n  s p i t e  of t h e  increased  SO concent ra t ion  and longer t i m e  2 
t h e  s u l f a t e  l a y e r  does n o t  appear t o  be  ve ry  t h i c k  and t h e r e  is  a s i g n  of only a 
very f i n e  d e p o s i t  of r e a c t i o n  product on t h e  alumina s u b s t r a t e .  Af ter  480 
minutes under these  cond i t ions ,  t h e  d e p o s i t  become ve ry  'gra'inyr b o t h  on t h e  
o r i g i n a l  s a l t  p a r t i c l e  s u r f a c e  and a l s o  on t h e  alumina s u b s t r a t e .  This  is  shown 
i n  Figure 10 where accompanying EDX t races .  show t h a t  both  p a r t i c l e  s u r f a c e  and 
alumina s u r f a c e  have approximately t h e  same composition and t h e  same morphology. 
600°C 
-
After  10 minutes i n  a i r  + 0.2% SO2, t h e  s a l t  p a r t i c l e  shows depress ions  on 
its su r faces  and s m a l l  s p h e r i c a l  i n i t i a l  d e p o s i t s  of Na2S04 appear  on t h e  surrounding 
alumina s u b s t r a t e  a s  shown i n  Figure  11, 
After  30 minutes,  t h e  r e a c t i o n  has proceeded much f u r t h e r  and a porous l a y e r  
of N a  SO has  developed on t h e  s a l t  p a r t i c l e ,  appa ran t ly  i n i t i a t i n g  a t  many 2 4 
d i s c r e t e  sites and spreading t o  produce a porous product .  This  is shown i n  
Figure  12. 
rken  t h e  exposure i s  increased  t o  two hours ,  t h e  l a y e r  is  seen i n  Figure  1 3  
t o  have grown t o  be q u i t e  t h i c k  b u t  is  still porous. 
Af te r  f o u r  hours exposure, f u r t h e r  growth has  occured i n  t h e  d e p o s i t  both 
on t h e  p a r t i c l e  and on t h e  s u b s t r a t e  a s  shown i n  Figure  14 .  
No c h l o r i n e  was de tec ted  6y.EDX a n a l y s i s  i n  any of these  d e p o s i t s  on t h e  
A 1  0 s u b s t r a t e .  2 3 
Inc reas ing  t h e  s u l f u r  d ioxide  content  of t h e  atmosphere t o  0.99% inc reased  
t h e  conversion r a t e  a s  is  evident  from F igu re  15 which shows t h e  Na SO formed on 2 4 
t h e  s a l t  p a r t i c l e  a f t e r  on ly  10 minutes .  EDX response from t h e  surrounding 
s u b s t r a t e  i n d i c a t e s  t h a t  Na2S04 is  s t a r t i n g  t o  form t h e r e  a l s o .  
A f t e r  30 minutes exposure t o  t h i s  SO2 - a i r  atmosphere, a t h i c k  N a  SO 2 4 
has grown t h a t  i s  porous a s  shown i n  F igu re  1 6  and t h e  d e p o s i t  on t h e  alumina 
s u b s t r a t e  i s  shown i n  F igu re  17.  Th i s  d e p o s i t  i s  shown by EDX t o  have no t r a c e  
of c h l o r i n e .  
Many of t h e  p a r t i c l e s  a t  t h i s  s t a g e  a r e  surrounded by a d i s t i n c t  zone,or 
'ha lor ,which  is  more pronounced i n  t h e  specimens exposed a t  650°C. 
Af t e r  30 minutes  a t  600°c i n  a i r  + 0.99% SO2, t h e  ' h a l o  ' has  2 zones. The 
o u t e r  zone d e p o s i t  c o n t a i n s  sodiuni and s u l f u r  whereas t h e  inne r  zone d e p o s i t  
con ta ins  sodium, s u l f u r  and c h l o r i n e .  I t  appea r s  cha t  t h e  l i m i t  o f  t h e  i n n e r  zone 
co inc ides  wi th  t h e  o r i g i n a l  sal t  p a r t i c l e  boundar ies  and t h a t  t h e  i n n e r  zone is  
formed as t h e  sa l t  p a r t i c l e  recedes  due t o  sodium c h l o r i d e  evapora t ion .  This  
f e a t u r e  i s  only  seen a t  t h e  h ighe r  temperature where NaCl evapora tes  s t r o n g l y  and 
is shown i n  F igure  1 9 .  A f t e r  60 minutes  t h e  evapora t ion  process  has  proceeded s o  f a r  
t h a t  t h e  o r i g i n a l  NaCl p a r t i c l e  has  l a r g e l y  evapora ted  and a l l  t h a t  remains i s  
a s k e l e t o n  of N a  SO t h a t  formed on t h e  N a C l  and a sma l l  NaCl p a r t i c l e  i n  t h e  2 4 
c e n t e r  a s  shown i n  F igure  18 .  
650°C 
A t  t h i s  h i g h e r  tempera ture ,  n o t  only t h e  r e a c t i o n  r a t e  b u t  a l s o  t h e  evapora t ion  
of N a C l  Is expected t o  i nc rease .  I n d e e d , a f t e r  10 minutes ,  t h e  sal t  p a r t i c l e  i s  
q u i t e  sma l l  and h a s  w e l l  rounded f e a t u r e s .  The s u b s t r a t e  is covered w i t h  a d e p o s i t  
of N a  SO and t h e  ' ha lo '  r eg ion  immediately around t h e  p a r t i c l e  i s  a l s o  c l e a r  a s  2 4 
& o m  in Figure  1 9 .  The discontauous.EDAX spectrum showing s t r o n g  s u l f u r  and 
sodium presence  is from the o u t e r  reg ion .  The cont inuous spectrum i s  from t h e  h a l o  
zone and shows l i t t l e  sodium s u l f u r  o r  c h l o r i n e .  S i m i l a r  r e s u l t s  a r e  shown in 
Figure 20 a f t e r  30 minutes and F igu re  21  a f t e r  4 hrs. 
These obse rva t ions  taken i n  sequence a r e  s i g n i f i c a n t .  Af t e r  30 minutes  
t he  h a l o  zone i s  aga in  c l e a r l y  seen.  The p a r t i c l e  i s  q u i t e  sma l l  and rounded i n  
appearance, b u t  t h e  s i g n i f i c a n t  f e a t u r e  i s  t h a t  t h e  a r e a  surrounding 
t h e  p a r t i c l e  no t  on ly  has  a d e p o s i t ,  b u t  t h e  d e p o s i t  was l i q u i d  and had s o l i d i f i e d  
on coo l ing  t o  room temperature.  EDX a n a l y s i s  shows t h e  s u b s t r a t e  t o  be  covered 
w i t h  Na SO only  a f t e r  10 minutes .  Af t e r  30 minutes  t h e  h a l o  zone has  a  d e p o s i t  2  4 
of Na2S04 on ly  whereas elsewhere on t h e  s u b s t r a t e , t h e  d e n d r i t i c  d e p o s i t  shows 
de f in i t e  response t o  Na, S  and C 1 .  This  i n d i c a t e s  t h a t  t h e  l i q u i d  formed a t  
temperature i s  t h e  e u t e c t i c  l i q u i d  i n  t h e  Na SO - NaCl system which a t  650°C 2  4 
covers  t h e  composition range  55-70 mol. % Na SO accord ing  t o  F igu re  22. 2 4  
Af t e r  f o u r  hours  exposure t h e  d e p o s i t  on t h e  s u b s t r a t e  i s  seen  t o  c o n t a i n  
noch lo r ine  s i n c e , b y  t h i s  t i m e , a l l  of t h e  N a C l  ha s  f u l l y  converted t o  Na2S04 o r  h a s  
evaporated.  
700°C 
Very s i m i l a r  r e s u l t s  were ob ta ined  a t  700°C a s  a t  650°C. 
EFFECT OF WATER VAPOR 
S e v e r a l  experiments  w e r e  c a r r i e d  out  t o  examine t h e  e f f e c t  of water  vapor 
on t h e  r e a c t i o n  morphology. These a r e  descr ibed .be low.  
50O0C 
The sodium c h l o r i d e  p a r t i c l e s  were exposed t o  a i r  + 0.2%SO 5 1.0% H20. 2 
Af te r  s h o r t  t imes  of 10 minutes  t h e r e  is  evidence t h a t  s u l f a t e  format ion  is  
s t a r t i n g ,  t h e  growth a f t e r  30, 60 and 240 minutes providingmore complete coverage 
of t h e  s u r f a c e  of t h e  X a C 1  c r y s t a l .  Whereas, wi thout  water  vapor ,  t h e  i n d i v i d u a l l y  
nuc lea t ed  s u l f a t e  s i t e s  grew independent ly  and impinged on each  o t h e r ,  i n  t h e  
presence of water  vapor t h e s e  i n d i v i d u a l  growthsappear t o  be w e l l  s i n t e r e d  together ,  
almost a s  w e l l  a s  i f  they had been molten. This  is  shown i n  Figure  23 where spangles  
on t h e  su r face  a r e  a l s o  v i s i b l e .  The water vapor has  a l s o  introduced t h e  a r t e f a c t  
of s i l i c a  whiskers  which were formed on t h e  s u b s t r a t e  s u r f a c e  presumably by 
r e a c t i o n  involving  the  s i l i c a  tube.  I t  appears  t h a t  t h e  presence of water  vapor i n  
t h e  system may in t roduce  more vapor spec ies  i n t o  the  r e a c t i o n  sequences, 
Experiments were repeated  a t  0 .1  and 0.5% SO con ten t s  bt t h e  r e a c t i o n  was 2 
nor changed s u b s t a n t i a l l y .  The i n i t i a l  nuc lea t ion  of Na SO on t h e  NaCl s u r f a c e ,  
2 , 4  
a t  d i s c r e t e  sites i s  shown i n  F i g u r e 2 4 .  . After  240 minutes,  t h e  sodium c h l o r i d e  
p a r t i c l e  wi th  i t s  growth of Na SO h a s  w e l l  defined contours ,  emphasising t h e  2 4 
much smal ler  r o l e  played h g  NaCl evapora t ion  a t  5QQQC. After  4 h r s .  I n  
0.5% SO + 0.5% B 0 we l l  def ined  hexagonal p l a t e s  appear t o  be developing on t h e  2 2 
s i d e  of t h e  p a r t i c l e .  A s  shown i n  Figure 25, these  p l a t e s  have pores o r  ho les  
i n  t h e i r  c e n t e r s  and t h i s  f e a t u r e  may give evidence of t h e  r o l e  of a vapor 
spec ies  i n  t h e i r  formation and growth. rn  t h e  0.5% S o i l %  H 0 atmosphere such 2 
c l u s t e r s  appear t o  have grown more r a p l d l y  than the  rest of t h e  depos i t .  
I n  a i r  0.12 SO2, 1% H 0 a t  600°C, Figures  26 an.d 27 show- t h a t  a f t e r  30 rninutes 2 
the o r i g i n a l  s a l t  p a r t i c l e  is  covered i n  a growing l a y e r  of s u l f a t e .  S u l f a t e  d e p o s i t s  
a r e  a l s o  evident  around t h e  p a r t i c l e  on t h e  alumina s u b s t r a t e  where, a f t e r  60 
minutes and beyond a heavy compact depos i t  of Na SO i s  seen. 2 4 
A s  shown i n  Figure 23 , a f t e r  30 minutes i n  a i r  0.1% SO +1% H 0 , t h e  s u l f a t e  2 2 
c l u s t e r s  a r e  w e l l  packed on t h e  p a r t i c l e  s u r f a c e  and grow predominantly a s  
hexagonal columns which have a system of pores  down t h e  center .  This is  c l e a r  
from Figure .28 ,  which a l s o  shows th.e depos. i t ,  of Na SO on t h e  s u b s t r a t e  t o  be 2 '  4  
growing quite .  uniformly and evenly.  The pores  w i t h i n  t h e  columns have s i d e s  t h a t  
have c r y s t a l l o g r a ~ h i c f a c e s  and EDX i n d i c a t e s  t h e  presence of Na and S  on ly , a s  
shown in  Figure  28, This type  of growth and morphology is not  seen i n  t h e  absence 
of water  vapor,  Both t h e  pores and t h e  c r y s t a l l o g r a p h i c  f e a t u r e s  g ive  evidence 
of t h e  important r o l e  of vapor spec ies  i n  t h e  presence of water .  
700." C 
Tn a i r ,  0.2% SO2 1% H20 a f t e r  10 minutes,  t h e  p a r t i c l e s  have rounded edges 
and the. s u r f a c e  i s  covered i n  a  f a i r l y .  dense l a y e r  t h a t  appears  t o  have been 
l i q u i d  a s  seen i n  Figure  23. Even a f t e r  so s h o r t  a  time a s  10 minu tes , subs tan t i a l  
evaporat ion has occured and t h e  s i z e  of t h e  p a r t i c l e  has been reduced cons iderably .  
Both c h l o r i n e  and s u l f u r  a r e  p resen t  i n  t h e  f a i r l y  t h i c k  l a y e r  t h a t  surrounds t h e  
o r i g i n a l  p a r t i c l e  s i t e .  This. l a y e r  a l s o  has  been l i q u i d  a t  temperature. 
Af te r  3Q and 60 minutes,  t h e  r e a c t i o n  i s  v i r t u a l l y  complete and Figure  33 
shows t h e  s i t e  of an o r i g i n a l  salt  p a r t i c l e  f u l l y  converted. The r e a c t i o n  has  
exhausted t h e  o r i g i n a l  sodium c h l o r i d e  p a r t i c l e  and t h e  s u b s t r a t e  cover ,  which 
was o r i g i n a l l y  a NaCl-Na SO e u t e c t i c ,  now shows many secondary growth nodules of 2  4 
Na2S04. These occur a s  t h e  NaCl i n  t h e  l i q u i d  conver ts  t o  s o l i d  Na SO 2  4 '  
a s  the  NaCl vapor supply i s  c u t  o f f  when the o r i g i n a l  p a r t i c l e s  a r e  exhausted. 
Dis.cussion 
In  s.ome of rhe  experiments where p a r t i c l e s ,  a f t e r  exposure, had been examined 
by EDX,indications of t h e  presence of aluminum i n  t h e  r e a c t i o n  product were found. 
This  had implied t h a t  v o l a t i l e  aluminum compounds may have formed during t h e  
r eac t ion .  This. was checked by two experiments .  
F i r s t  a  d i s k  of A 1  0 was coated w i t h  NaCl from a  s a t u r a t e d  aqueous s o l u t i o n ,  2  3 
dr ied  and placed on t h e  support  pedes ta l  as. ind ica ted  i n  Figure 31.  A n i c k e l  
s u b s t r a t e  was placed 6" below t h i s  i n  t h e  cold zone of t h e  furnace.  The d i s c  
coated with NaCl was heated i n  a i r  + 0.99% SO f o r  one hour a t  6 0 0 ' ~  and, using 2 
another specimen, f o r  one hour a t  700°C. The n i c k e l  s u b s t r a t e s  i n  both cases  
were examined using EDX i n  t h e  SEN but  only sodium and s u l f u r  were found t o  be 
present .  No t r a c e  of aluminum was found. Aluminum was not  detec ted  e i t h e r  i n  t h e  
so lu t ions  obtained by leaching o the r  exposed specimens. 
To check t h e  p o s s i b i l i t y  t h a t  t h e  aluminumpeaks a r i s e  from s t r a y  e l e c t r o n  
beam r e f l e c t i o n s , a  specimen was placed i n  t h e  SEM and examined a t  var ious  tilt 
angles t o  t h e  inc iden t  beam. Figure 32 shows t h e  arrangement. When t h e  specimen 
was normal t o  thebeam and t h e  e l e c t r o n  beam was inc iden t  on t h e  s a l t  p a r t i c l e  
no aluminum peak was observed. However, when t h e  specimen was t i l ted ,some of 
t h e  e l e c t r o n  beam inc iden t  on t h e  p a r t i c l e  was r e f l e c t e d  t o  h i t  t h e  alumina s u b s t r a t e  
and give  rise t o  alumina peaks i n  t h e  EDX spectrum. This is  shown i n  Figure 3'2 
and i t  appears t h a t  t h e  aluminum peaks sometimes observed from t h e  s a l t  o r  depos i t  
su r faces  a r e  a r t e f a c t s  caused by t h e  above mechanism. I n  t h e  l i g h t  of t h i s  ex- 
p lanat ion i t  is now poss ib le  t o  d i scuss  t h e  conversion of sodium ch lo r ide  t o  
sodium s u l f a t e  on alumina s u b s t r a t e s .  
Sodium ch lo r ide  may r e a c t  with 0 SO and SO i n  t h e  gas stream to  form 2' 2 3 
sodium s u l f a t e  a s  a  su r face  l ayer  on the  o r i g i n a l  salt c r y s t a l .  Al te rna t ive ly  
sodium ch lo r ide  may evaporate and form sodium s u l f a t e  on the  alumina s u b s t r a t e  
by i n t e r a c t i n g  with t h e  sul furous  gas species  there .  A f u r t h e r  p o s s i b i l i t y  is  
t h a t  NaCl gas may r e a c t  with 0 SO2 and SO3 i n  the  gas phase and form Na SO which 2 ' 2 4 
w i l l  then deposi t  on the  alumina s u b s t r a t e .  This l a t t e r  p o s s i b i l i t y  i s  ru led  
out  by t h e  appearance of t h e  alumina s u b s t r a t e  a t  s h o r t  r eac t ion  t i m e s  which 
shows d i s c r e t e  nuclea t ion sites where Na SO formation has s t a r t e d .  It is a l s o  2 4 
u n l i k e l y  t h a t  s t a b l e  n u c l e i  of t h e  m l i d  Na2S04 be in the gas 
phase,  heterogeneous- n u c l e a t i o n  on t h e  alumina s u r f a c e  be ing  more l i k e l y .  
The amount of d e p o s i t  t h a t  o c c u r s  on t h e  alumina s u b s t r a t e  depends upon t h e  
vapor  p re s su re  of  sodium c h l o r i d e ,  s i n c e  t h i s  i n c r e a s e s  wi th  tempera ture  i t  is 
expected,  and ohserved,  t h a t  a t  h l g h e r  tempera tures  a g r e a t e r  f r a c t i o n  of t h e  
sodium s u l f a t e  is formed from t h e  g a s  phase on t h e  alumina s u b s t r a t e  and a  smaller 
f r a c t i o n  a c t u a l l y  forms on t h e  o r i g i n a l  s a l t  c r y s t a l  s u r f a c e .  
Data on sodium c h l o r i d e  vapor  p r e s s u r e s  a r e  a v a i l a b l e .  ( 2 7 )  According t o  
2 8 
t he  NaC1-Na2S04 phase diagram , i n  F igu re  22,  a  e u t e c t i c  l i q u i d  con ta in ing  
0 
about 63 mol% Na SO, is formed a t  625 C .  Flood, Forland and Nesland 2 4 (29) have 
determined t h a t  t h e  NaC1-Na SO l i q u i d  s o l u t i o n s  a r e  p r a c t i c a l l y  i d e a l ,  however 2 4 
i n  e u t e c t i c  l i q u i d s ,  e s p e c i a l l y  c l o s e  t o  t h e  e u t e c t i c  tempera ture ,  some d e v i a t i o n  
i s  t o  b e  expected.  I n  t h e  aEsence of d a t a  i n  t h i s  r e g i o n  however, i d e a l  
s o l u t i o n  behavior  w i l l  be assumed i n  o r d e r  t o  c a l c u l a t e  t h e  approximate 
sodium c h l o r i d e  vapor  p r e s s u r e s  t h a t  a r e  i n  equ i l i b r ium wi th  t h e  l i q u i d s .  D e t a i l s  
of the c a l c u l a t i o n s  are g iven  f n  Appendix I A  and p re sen ted  i n  Table I from 
which i t  can b e  s e e n  t h a t  t h e  v a l u e s  o f  PNaCl i n c r e a s e  s u b s t a n t i a l l y  w i t h  in- 
c r e a s i n g  tempera ture  i n d i c a t i n g  t h a t  t h e  r o l e  of evapora t ion  of sodium c h l o r i d e  
i n  t h e  conversion r e a c t i o n  becomes more predominant a t  h ighe r  tempera tures .  
Table I a l s o  c o n t a i n s  v a l u e s  of t h e  equ i l i b r ium SO p a r t i a l  p re s su re s  f o r  3 
each atmosphere and temperature c a l c u l a t e d  accord ing  t o  t h e  equat ion .  
SO2 + 1 / 2  O2 = SO3 ; AGO = -22600 + 21.36 T c a l  . 
us ing  t h e  cond i t i ons  f o r  a i r  c o n t a i n i n g , i n i t i a l l y , l %  SO and 0.2% SO r e s p e c t i v e l y  2 2 
and P + P  = 0.002 SO, SO, 
F i e l d e r ,  S t e a r n s  and Kohl C8'9' followed t h e  conversion of sodium c h l o r i d e  
s i n g l e  c r y s t a l s  i n  a i r  conta in ing  SO over t h e  temperature range 4 0 0 - 5 5 0 ~ ~ ,  2 ' 
where evapora t ion  of N a C l  was not  predominant and could even be  neglec ted  up 
t o  5 0 0 ~ ~ .  They found t h a t  t h e  r e a c t i o n  proceeded a t  a cons tant  r a t e  which could 
be represented  by- 




where P is i n  atmospheres and R is %n J mol deg. 
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These r a t e s  a r e  a l s o  given i n  Table I f o r  each temperature together  wi th  t h e  
times r equ i red  f o r  a p a r t i c l e  100pm t h i c k  t o  B e  converted completely. The e s t ima t ion  
of t h e s e  r a t e s  and r e a c t i o n  times is given i n  Appendix I B .  It can b e  seen  t h a t  
t h e  t i m e  f o r  conversion t o  Na SO by r e a c t i o n  remains f a i r l y  cons tant  a t  2 4 
160-200 minutes whereas t h e  evapora t ion  time is reduced from 18000 minutes a t  
5 0 0 ~ ~  t o  about 13 minutes a t  700'~. 
This Fs broadly  i n  confirmation of t h e  r e s u l t s  obtained i n  t h e  present  
i n v e s t i g a t i o n  when, a t  500°c, some sodium c h l o r i d e  remained a f t e r  240 minutes 
whereas t h e  r e a c t i o n  was s u b s t a n t i a l l y  complete a f t e r  30 minutes a t  700'~.  This  
confirms t h a t  t h e  gas atmospheres had achieved equi l ibr ium o r  very  c l o s e  t o  i t ,  
s i n c e  F ie lde r  e t  a 1  found t h a t  unequ i l ib ra t ed  gas mixtures r eac ted  a r  r a t e s  
slower by t h r e e  o rde r s  of magnitude than  r a t e s  observed with e q u i l i b r a t e d  
mixtures. .  I n i t i a l  experiments were ca ta lysed  us ing  plat inum bu t  i n  t h e  ma jo r i ty  
of experiments c a t a l y s i s  occured on the  b a s e  metal  thermocouple wire. The 
s u r v i v a l  of NaCl i n  t h e  present  exper iments ,car r ied  ou t  a t  7 0 0 ~ C , f o r  times g r e a t e r  
than  s e v e r a l  minutes i n d i c a t e s  t h a t  t h e  N a  SO coat ing  formed on t h e  NaCl p a r t i c l e  2 4 
s e r v e s  t o  r e s t r i c t  t h e  evapora t ion  of NaCl from t h e  salr p a r t i c l e  su r face .  It 
is  no t  c l e a r  where t h e  primary r e a c t i o n  s i t e  is ,  however, t h e r e  w i l l  be  t r a n s p o r t  
of N a C 1 ,  SO SO and O2 gas s p e c i e s  i n  oppos i t e  d i r e c t i o n s  through t h e  Na2S04 l a y e r .  3 '  2 
Tnus,reaction t o  produce Na SO may occur  a t  t h r e e  p o s i t i o n s ,  t h e  N a C l  s u r f a c e ,  2 4 
w i t h i n  t h e  porous N a  SO d e p o s i t  and a t  t h e  N a  SO - gas  i n t e r f a c e .  A t  low 2 4 2 4 
t empera tu re s , a  compact N a  SO s c a l e  should be expected t o  form which w i l l  re- 2 4 
s t r i c t  Y a C 1  evapora t ion  which w i l l  be  sma l l  i n  any case .  This  w i l l  r e s u l t  
i n  long r e a c t i o n  t imes a s  t h e  t r a n s p o r t  of g a s  s p e c i e s  through a more compact 
l a y e r  i s  slow. In t h i s  c a s e  t h e  reac t3on  s i t e  i s  l i k e l y  t o  b e  t h e  NaCl s u r f a c e  
a s  SO and 0 a r r i v e  t h e r e .  A t  h i g h e r  tempera tures ,  a s  t h e  N a C l  p r e s s u r e  3 2 
i n c r e a s e s ,  t h e  s c a l e  formed i s  more porous and t h e  N a C l  f l u x  i n c r e a s e s  such t h a t  
the  r e a c t i o n  s i t e  moves t o  t h e  o u t e r  s u r f a c e  of t h e  N a  SO I n  a l l  c a s e s  2 4'  
some NaCl evapora t e s  t o  form Na SO on t h e  surrounding s u b s t r a t e .  This  process  2 4 
becomes more important  a t  t h e  h ighe r  tempera tures .  
A fur th.er  v e r y  important  f a c t o r  I n  t h e  r e a c t i o n  is  t h a t  l i q u i d s  may form 
a s  mentioned p rev ious ly .  The format ion  of l i q u i d s  occurs  both  on t h e  sal t  
p a r t i c l e  and on t h e  surrounding alumina s u b s t r a t e .  For i n s t a n c e ,  dur ing  
experiments  c a r r i e d  out  a t  650 and 700°C a zone of l i q u i d  has  appa ran t ly  
been formed around t h e  o r i g i n a l  s a l t  p a r t i c l e s .  This  i s  p a r t i c u l a r l y  wide 
sp read  a t  700°C. 
The l i q u i d  i s  thought t o  form by t h e  d i s s o l u t i o n  of NaCl from t h e  vapor  
phase t o  form a e u t e c t i c  l i q u i d  w i t h  t h e  Na SO d e p o s i t  t h a t  has  formed. This  2 4 
occur s  v e r y  r a p i d l y  s ince ,where  t h e  l i q u i d  forms, i t  is  present  a f t e r  very  s h o r t  times 
i n t o  t h e  r e a c t i o n  and probably  forms immediately t h e  f i r s t  N a  SO formation 2 4 
occurs .  S ince  t h e  sou rce  of  t h e  sodium c h l o r i d e  vapor  is  t h e  o r i g i n a l  s a l t  
p a r t i c l e ,  t h e  vapor  p r e s s u r e  of N a C l  w i l l  b e  g r e a t e s t  over t h e  p a r t i c l e  and w i l l  
then  dec rease  a t  s i t e s  f u r t h e r  away from t h e  p a r t i c l e .  There w i l l , t h e r e f o r e , e x i s t  
a  sodium c h l o r i d e  vapor  p r e s s u r e  g r a d i e n t  around any s a l t  p a r t i c l e .  The l i q u i d  
w i l l  form a t  s i t e s  on t h e  alumina s u b s t r a t e  where t h e  sodium c h l o r i d e  vapor  
p re s su re  corresponds t o  t hose  over  a  e u t e c t i c  l i q u i d  of t h e  a p p r o p r i a t e  composi t ion.  
For i n s t a n c e  a t  650°C, t h e  e u t e c t l c  composi t ion ranges  from 0.32 t o  0.47 m o l f r a c t i o n  
NaCl and from 0.25 to10 .58  mol f r a c t i o n  NaCl a t  70OoC. Correspondingly i t  i s  
expecte.d t h a t  t h e  l i q u i d  phase w i l l  b e  more widespread- a t  t he  h igher  temperatures.  
The formation of sodium s u l f a t e  on t h e  alumina s u b s t r a t e  w i l l  proceed so  
long a s  the  o r i g i n a l  sodium c h l o r i d e  p a r t i c l e  i s  capable of maintaining a p a r t i a l  
pressure  of NaCl i n  the  gas phase. Thus,at 500°C,where the  p a r t i a l  p res su re  
of NaCl i s  low only spa r se  Na SO formation on the  alumina i s  expected. O f  course 2 4 
t he  r e a c t i o n  w i l l  cont inue  f o r  longer t i m e s  than  a t  h igher  temperatures and the  
s a l t  p a r t i c l e  is  not  exhausted even a f t e r  s e v e r a l  hours .  Under these  cond i t ions ,  
below t h e  NaCl-iia SO e u t e c t i c  temperature,  l i q u i d  phases cannot form a n d ,  2 4 
correspondingly,formation of Na SO only ,wi th  no depos i t ion  of NaC1,can occur 2 4 
on t h e  s u b s t r a t e .  The only  oppor tuni ty  f o r  N a C l  depos i t ion  t o  occur would be  on 
a r e a s  whose temperatures a r e  lower than  t h a t  of t h e  o r i g i n a l  p a r t i c l e .  
Very s i m i l a r  observat ions  can b e  made f o r  t h e  r e a c t i o n s  c a r r i e d  out  a t  600°C. 
The only d i f f e r e n c e  being t h a t ,  due t o  t h e  h igher  NaCl p a r t i a l  p res su re ,  more 
copi.0- formation of N a  SO o c c ~ s o n  t h e  alumina s u b s t r a t e .  Since 600°C i s  
2 4 
below t h e  NaC1-Na SO e u t e c t i c  temperature t h e r e  i s  no t r a c e  of NaCl i n  t h e  2 4 
d e p o s i t s  formed on the alumina. 
The mechanism by which NaCl conver ts  t o  Na SO a t  temperatures &low 625OC 2 4 
is  given i n  Figure  33. This  i l l u s t r a t e s  c l e a r l y  the  formation of t h e  s u l f a t e  
both on t h e  s u b s t r a t e  and on t h e  o r i g i n a l  p a r t i c l e .  
A t  temperatures above 625°C a t  which t h e  NaC1-NaZS04 e u t e c t i c  may form, 
the  r e a c t i o n  proceeds i n  a very  s i m i l a r  manner and t h e  mechanism is i l l u s t r a t e d  
i n  Figure  3 4 .  
The i n i t i a l  sodium s u l f a t e  formation occurs  on t h e  s a l t  p a r t i c l e  from which 
NaCl vapor evaporates  r a p i d l y  a t  t h e s e  temperatures.  The NaC1 vapor r e a c t s  wi th  
02, SO and SO on t h e  s u r f a c e  of t h e  alumina s u b s t r a t e  t o  form t h e  d e p o s i t  of 2 3 
Na2S04. Simultaneously,at  sites c l o s e  t o  t h e  o r i g i n a l  N a C l  p a r t i c l q N a C 1  from t h e  
vapor forms a e u t e c t i c  l i q u i d  wi th  t h e  Na SO This  can only occur where t h e  2 4 "  
NaC1 p a r t i a l  p r e s s u r e  i s  s u f f i c i e n t l y  h igh  t o  suppor t  t h e  presence  of t h e  
app ropr i a t e  mol f r a c t i o n  of NaCl i n  t h e  l i q u i d .  A t  s i t e s  f u r t h e r  from t h e  o r i g i n a l  
p a r t i c l e  on ly  s o l i d  sodium s u l f a t e  forms. The l i q u i d  can only remain s o  long  a s  t h e  
a p p r o p r i a t e  NaCl vapor p r e s s u r e  i s  maintained above i t .  Therefore t h e  l a t e r  s t a g e s  of tl 
r e a c t i o n  invo lve  t h e  exhaus t ion  of t h e  o r i g i n a l  s a l t  p a r t i c l e  by t h e  j o i n t  
processes  of N a C l  evapora t ion  and conversion i n  s i t u  t o  Na SO when t h i s  occurs  2 4' 
t h e  NaCl i n  t h e  l i q u i d  cannot be  s u p p l i e d  cont inuous ly  and i t  a l s o  conve r t s  t o  
Na SO Thus,once the  N a C 1  supply  has been exhaus t ed , the  d e p o s i t  becomes s o l i d  2 4' 
Xa2SO4. Conversely t h e  d e p o s i t i o n  of f r e s h  sodium c h l o r i d e  on sur facescovered  w i t h  
s o l i d  sodium s u l f a t e  w i l l  g ive  rise t o  t h e  format ion  of t h e  l i q u i d  phase above 
62S°C. The l i q u i d  w i l l  have only  a t r a n s i e n t  e x i s t e n c e , u n l e s s  t h e  supply  of  
N a C l  can be  maintained.  
T h u s , i t  i s  f e a s i b l e  t h a t  a t t a c k  t y p i c a l  of  r h a t  i n  t h e  presence  of  l i q u i d  
Na SO may occur  a t  t empera tures  below t h e  me l t ing  p o i n t  of sodium s u l f a t e  and3 2 4 
on examinat ion,only s o l i d  sodium s u l f a t e  b e  d e t e c t e d .  
The h a l o  a r e a s  r h a t  have been obsemed  a r e  thought  mainly t o  r e p r e s e n t  t h e  
l a r g e r  s i z e  of t h e  o r i g i n a l l y  app l i ed  NaCl p a r t i c l e s  b e f o r e  they  underwent shr inkage  
by evapora t ion  
The e f f e c t s  of water  vapor  were seen  t o  be twofold. F i r s t  t h e  morphology 
of t h e  sodium s u l f a t e  produced a change t o  d e f i n i t e ,  r e g u l a r ,  l a r g e  c r y s t a l l i n e  
growths wi th  pores  down t h e  c e n t e r  t h a t  had w e l l  developed c r y s t a l  f a c e s .  Secondly 
t h e  r e a c t i o n  r a t e  appeared t o  be i n c r e a s e d .  This  was more ev iden t  a t  t h e  h i g h e r  
temperature.  Both of  t h e s e  obse rva t ions  can b e  exnla ined  by assuming t h a t  a new vapor 
s p e c i e s  is formed i n  t h e  presence  of water  vapor .  Such a s p e c i e s  i s  u n l i k e l y  t o  i n v o l v  
simply t h e  a d d i t i o n  of oxygen t o  g i v e  oxychlor ide  molecules  involv ing  sodium s i n c e  
t h e s e  could form i n  t h e  absence of water  i n  t h e  ox id i z ing  atmospheres used. 
S t e a r n s  (23)  has  i d e n t i f i e d  complex molecules  i nvo lv ing  (NaOH) groups i n  v o l a t i l e .  
s p e c i e s ,  s i m i l a r l y  t h e  p o s s i b i l i t y  of forming N a C l  (El 0) o r  (NaCl)x($aOB) 2 .x Y 
t y p e s  e x f s t s .  There is a l s o  t h s  p o s s i b i l i t y  tbatenhanced s u r f a c e  d i f f u s i o n  may 
e x p l a i n  t h e  more d e f i n 2 t e  c r y s t a l l i n e  form of  th.e Na SO produced a s  w e l l  a s  t h e  2 4 
apparent  f a s t e r  r e a c t i o n  r a t e s  i n  t h e  presence of H 0 .  2 
The f a s t e r  r e a c t i o n ,  b e t t e r  de f ined  c r y s t a l l f n l t y  of t h e  s u l f a t e  product  and i t s  
mode of growth a l l .  i n d i c a t e  t h a t  a vapor  specf .es  is be ing  produced and evapora t ing  
more r a p i d l y  t h a n  t h e  N a C 1 .  
The r a p i d  evapora t ion  conf ines  t h e  r e a c t i o n  wf.th t h e  atmosph.ere t o  the o u t e r  
s u r f a c e s  of t h e  s u l f a t e  c r y s t a l s .  t h a t  a r e  forming, t hus  prornotfng t h e  w e l l  de f ined  
c r y s t a l l i n i t y  t h a t  is observed.  
The development of a new. vapor spec fe s ,o f  g r e a t e r  v o l a t i l i t y  t han  NaC1, 
a l s o  exp la ins  t h e  a p p a r e n t l y  f a s t e r  r e a c t i o n  r a t e s  s ince , a s :  shown l a t e r  and g iven  
i n  Table 1 , t h e  chemical r e a c t i o n  proceeds a t  about t h e  same r a t e  over  t h e  
0 500-700 C t empera ture  range  whereas t h e  i n c r e a s e  i n  r e a c t i o n  r a t e  observed a t  
h ighe r  tempera tures  a r i s e s  from t h e  inc reased  v o l a t i l i t y  of N a C 1 .  Thus an i n c r e a s e  
i n  r e a c t i o n  r a t e  a t  cons t an t  temperature can  b e  achieved by t h e  formation of a 
h i g h l y  v o l a t i l e  species. 
Tt i s  expected t h a t  t h e  vapor  s p e c i e s  is  produced by r e a c t i o n  between H 0 and 2 
NaCl e i t h e r  a t  t h e  NaCl s u r f a c e  o r  w i t h i n  t h e  gas space  i n  t h e  porous N a  SO r e a c t i o n  2 4 
product .  The vapor  f l u x  produced appa ran t ly  exc ludes  SO and 0 from p e n e t r a t i n g  2 2 
t h e  porous r e a c t i o n  product  t o  any marked e x t e n t  and c o n f i n e s t h e  r e a c t i o n  forming 
N a  SO l a r g e l y  t o  t h e  o u t e r  s u r f a c e s  of t h e  c r y s t a l l i n e  d e p o s i t .  2 4 
The vapor s p e c i e s  has  no t  been i d e n t i f i e d  and f u r t h e r  work us ing  m a s s  spec t rometry  
w i l l  be  needed t o  i d e n t i f y  i t .  
11. REACTIONS BETWEEN NaCl DEPOSITED ON A GROWING ALUMINA SUBSTRATE IN AN 
O X I D I Z I N G  ATMOSPHERE CONTAINING SUL,FUR DIOXIDE. 
RESULTS 
In  t h e s e  experimentsthe a l l o y  HOS 875 (Fe-20Cr-5A1-lZr-0.5Si) was used,  
suppl ied  by NASA-Lewis. The a-A1203 s c a l e s  formed on t h i s  a l l o y  have been we l l  
cha rac te r i zed  b y  Smialek and found t o  be mechani'cally s t a b l e  and capable of 
surviv ing  t h e  h e a t i n g  and cool ing  s t r e s s e s  a s soc ia t ed  wi th  preoxidat ion  t r ea tmen t .  
0 Coupons measuring 10 X 5mm were preoxidized f o r  1 2  hours a t  1300 C which 
produced an adherent  a-A1 0 f i l m  a6.out 6pm th i ck .  The t y p i c a l  s u r f a c e  and 2 3 
c ross  s e c t i o n  a f t e r  preoxidat ion  a r e  shown i n  Figure 35 i n  which the  smooth 
metal-scale i n t e r f a c e  and the  complete absence of i r o n  and chromium i n  t h e  alumina 
s c a l e  i s  shown. Specimens cooled s lowly  i n  t h e  furnace  formed a compact adherant  
s c a l e  f r e e  from c racks  and s p a l l a t i o n .  
The preoxidized specimens were mounted on the  pedes ta l  and i n s e r t e d  i n t o  t h e  
hot  zone of  the  r e a c t i o n  furnace.  P a r t i c l e s  of NaCl were placed on t h e  specimen 
whichwas then exposed t o  t h e  atmosphere of a i r  conta in ing  s u l f u r  d ioxide .  
These experiments were c a r r i e d  ou t  a t  600, 650 and 7 0 0 ~ ~  f o r  10 ,  20, 30 and 60 
minutes. 
Tn genera1 , the  morphological changes of the s a l t  p a r t i c l e s  were i d e n t i c a l  
t o  those  observed on an alumina s u b s t r a t e  and repor ted  previous ly ,  however, t h e  
d e p o s i t s  formed on t h e  s u b s t r a t e  s u r f a c e  were d i f f e r e n t .  The r e s u l t s  of t h i s  
p a r t  of t h e  inves t iga t ion ,ca r r i ed  out i n  an atmosphere of a i r  + 1% SO ,a re  presented  2 
below. 
I n  t h e  e a r l y  s t a g e s  of r e a c t i o n  under t h e s e  condi t ions  the  s a l t  p a r t i c l e s  
become covered w i t h  sodium s u l f a t e  growing from many nuc lea t ion  c e n t e r s  on t h e  
s a l t  p a r t i c l e  and sodium s u l f a t e  a l s o  forms on t h e  surrounding s u b s t r a t e  su r face .  
After  60 minutes much of t h e  o r i g i n a l  s a l t  has  evaporated o r  reac ted  l eav ing  
a s u r f a c e  coated wi th  sodium s u l f a t e .  
650°C 
The r e a c t i o n  begins by e a r l y  coverage of t h e  s a l t  and s u b s t r a t e  by sodium 
s u l f a t e  r e a c t i o n  product.  Af te r  20 minutes t h e  o r i g i n a l  alumina s c a l e  appears  t o  
have been l o s t  from some a r e a s ,  perhaps by s p a l l a t i o n .  The s u r f a c e  exposed i n  
these  a r e a s  shows s t r o n g  EDS response f o r  Fe,  C r  and A 1  only and is t h e r e f o r e  
presumably t h e  meta l  s u r f a c e  underlying t h e  o r i g i n a l  s c a l e .  It i s  n o t  c l e a r  
whether this  sepa ra t ion  occured a t  temperature o r  during cool ing  from t h e  r e a c t i o n  
temperature. The genera l  depos i t  on t h e  s u b s t r a t e  s u r f a c e  d id  no t  appear t o  have 
been l i q u i d  i n  s p i t e  of  t h e  f a c t  t h a t ,  under i d e n t i c a l  cond i t ions ,  us ing  an  
alumina s u b s t r a t e ,  t h e  e u t e c t i c  NaCl-Na SO l i q u i d  was found t o  form. EDS r e s u l t s  2 4 
showed very  c l e a r  evidence of sodium and s u l f u r  i n  t h e  depos i t  b u t  not  a t r a c e  of 
ch lo r ine .  
700°C 
A s  a t  the  lower temperatures,  a genera l  Na SO r e a c t i o n  product depos i t  is  2 4 
formed, t h e r e  i s  a l s o  some c l e a r  evidence of f r e s h l y  s p a l l e d  and seve re ly  d i s rup ted  
areas: a s  seen i n  Figure 36 which shows t h e  s u r f a c e  a f t e r  20 minutes r e a c t i o n  time. 
These a r e a s  have very  s t r o n g  Fe and C r  EDS peaks a s  i f  t h e s e  elements have 
managed t o  d i f f u s e  o u t  t o  t h e  scale-gas i n t e r f a c e  t o  a g r e a t e r  ex ten t  than  i n  o t h e r  
a r e a s  which appear t o  be r i c h  i n  aluminum. The genera l  s c a l e  a r e a s ,  showing Al, 
Na and S EDS peaks have a glazed appearance of having been l i q u i d  with t y p i c a l  
rounded f e a t u r e s  although no e u t e c t i c  s t r u c t u r e  can be seen.  
Very s i m i l a r  f e a t u r e s  a r e  observed a f t e r  an exposure of 60 minutes a t  7 0 0 ~ ~ .  
I n  t h e  cases  of both  s o l i d  alumina and a growing alumina s c a l e  a s  s u b s t r a t e s ,  t h e  
e a r l y  formation of sodium s u l f a t e  on the salt  p a r t i c l e  is i d e n t i c a l  i n  morphology, 
however no l i q u i d  formation is apparent  on t h e  growing alumina s c a l e  a f t e r  20 
minutes whereas on t h e  pure  alumina s u b s t r a t e  t h e r e  is  ample ev idence  of t h e  
e x i s t e n c e  of NaC1-Na SO e u t e c t i c  l i q u i d .  2 4 
I n  o r d e r  t o  o b t a i n  f u r t h e r  in format ion  aLout t h e  r e a c t i o n s  occur ing  on pre- 
ox id ized  samples ,  those  samples exposed a t  7 0 0 ' ~  were mounted, s ec t ioned  and 
pol i shed  under kerosene t o  avoid dLsso lu t ion  of water  s o l u b l e  products .  
The  sample exposed a t  7 0 0 ' ~  t o  a i r  + 1% SO f o r  30 minutes  shows, from 2 
Figure 3 7 ,  a compact l a y e r  of ,alumina nex t  t o  t h e  m e t a l  w i th  an  ove r ly ing  l a y e r  
of sodium s u l f a t e  which Is, i n  p l a c e s ,  r i c h  in i r o n  and chromium being brown 
i n  c o l o r  a t  t h e s e  p l a c e s .  
F igure  37 i s  a s e c t i o n  th r0ugh .a  s i t e  where a  s a l t  p a r t i c l e  impacted and then  
converted t o  sodium s u l f a t e .  A n  a r e a  where N a  $0 depos i t ed  by r e a c t i o n  of N a C 1 ,  2' 4 
SO2, SOg and 0 gases  on t h e  alumina s u r f a c e  rms a l s o  ev iden t  t o  t h e  r i g h t  of t h i s  2  
pa r t . i c l e .  There i s  no c h l o r i n e  response  from t h i s  s e c t i o n .  
The alumina l a y e r  appea r s  t o  h e  compact, cont inuous and uncontaminated, on 
t h e  o t h e r  handls t rong  EDX responses  f o r  i r o n  and chromium do no t  appear  above t h e  
alumina l a y e r  i n  sur rounding  a r e a s  where t h e  sodium s u l f a t e  cover ing  t h e  alumina 
formed by vapor  r e a c t i o n  as d e s c r i b e d p r e v i o u s l y  It i s  most l i k e l y  t h a t  t h e  i r o n  
and chromium gained acces s  t o  t h e  scale-gas i n t e r f a c e  from an  ad jacen t  s i t e  where 
t h e  alumina s c a l e  was d i s r u p t e d  p h y s i c a l l y .  
Such a  p o s s i b i l i t y  i s  v e r i f i e d b y  t h e  appearance of a s e c t i o n  of a specimen 
s i m i l a r l y  exposed f o r  60 minutes.  I n  t h i s  c a s e  t h e  s e c t i o n ,  shown i n  F igu re  38 ,  h a s  
c u t  through a  s e v e r e l y  d i s r u p t e d  alumina l a y e r .  The alumina l a y e r  is  s t i l l  seen  
t o  b e  q u i t e  pure and compact bu t  a l s o  p h y s i c a l l y  damaged, be ing  broken i n  s e v e r a l  
p l a c e s  and d i sp l aced  from the m e t a l  s u r f a c e  by t h e  formation of compounds r i c h  i n  
i r o n  and chromium a t  t h e  meta l - sca le  i n t e r f a c e .  From t h e  d i s t r i b u t i o n  of e lements  
shown i n  F igu re  38 it appears  t h a t  t h e  alumina l a y e r  i s  surmounted by the sodium 
s u l f a t e  l a y e r  which con ta ins  a  s u b s t a n t i a l  amount of i r o n .  Below t h e  alumina 
l a y e r  e x i s t  chromium compounds,mainly a  t h i n  l a y e r  of s u l f i d e  w i t h  i r o n  and 
chromium oxide above i t .  Chlorine is again  absent  from t h i s  specimen, however , 
0 
a f t e r  30 minutes a t  700 C,chlor ine  h a s  u s u a l l y  l e f t  t h e  system as v o l a t i l i z e d  
NaCl o r  C 1  from t h e  conversion r e a c t i o n .  The absence of ch lo r ine  i n  t h e s e  2 
s e c t i o n s  i n d i c a t e s  t h a t  o ther ,non v o l a t i l e , c h l o r i d e s  had not  formed. The pre- 
dominant f e a t u r e s  a r e  t h e  outward migra t ion  of i r o n  and chromium, the inward 
migrat ion of s u l f u r  and t h e  rup tu re  of  the  p r o t e c t i v e  alumina s c a l e .  
The r e a c t i o n  sequence appears  t o  c o n s i s t  of depos i t ion  of sodium s u l f a t e ,  
formation of t h e  ch lo r ide - su l fa t e  e u t e c t i c ,  p e n e t r a t i o n  of t h e  alumina s c a l e  
leading  t o  inward s u l f u r  migra t ion  and outward i r o n  migra t ion .  From t h e  appearance 
of t h e  alumina s c a l e  fragments i n  Figure  38 ,  i t  is most l i k e l y  t h a t  t h e  e l imina t ion  
of p r o t e c t i v e  behavior  i s  due t o  phys ica l  d i s r u p t i o n  of t h i s  s c a l e .  The mechanism 
by which such d i s r u p t i o n  occurs  apparent ly  involves  t h e  formation of i r o n  and 
chromium compounds,involvtno s u l f u r , a t  t h e  meta l -sca le  i n t e r f a c e  which can only  
occur i f  s u l f u r  h a s  a c c e s s  t o  the  m e t a l - s c a l e  i n t e r f a c e .  There fo res the  i n i t i a l  
v i t a l  s t e p  i n  t h e  mechanism, leading  t o  d i s t r u c t i o n  of t h e  p r o t e c t i o n  af forded 
by t h e  alumina s c a l e ,  i s  t h e  pene t ra t ion  of t h i s  s c a l e  by s u l f u r  bea r ing  spec ies .  
This may occur by phys ica l  mechanisms involving cracks  o r  by chemical mechanisms 
involving  d i s s o l u t i o n  of t h e  alumina. 
Since pre l iminary  experiments had shown preoxidized slow cooled s c a l e s  t o  
be f r e e  from c r a c k s , a t t e n t i o n  w a s  turned t o  t h e  a t t a c k  of t h e  alumina s c a l e  by 
t h e  l i q u i d  NaC1-Na2S04 e u t e c t i c ,  
I n  o rde r  t o  examine simply t h e  a t t a c k  of t h e  l i q u i d  on alumina, alumina d i s k  
s u b s t r a t e s  were used once more. Th i s  t i m e  t h e  s a l t  was appl ied  t o  one end only  
a s  a s a t u r a t e d  aqueous. s o l u t i o n  t o  c o n t r o l  th.e d i s t r i b u t i o n  of t h e  salt  on t h e  
alumina s u r f a c e .  Two such  specimens were coa t ed ,  d r i e d ,  and exposed t o  a i r  + 1% 
SO2 f o r  60 minu te s  a t  653 and 7 0 ~ 0 ~ ~ .  Af t e r  exposure , the  specimen s u r f a c e  showed 
0 t h r e e  zones of q u i t e  d i f f e r e n t  morphology a s  i l l u s t r a t e d  f o r  t h e  653 C specimen 
i n  F igure  39. The presence of  t h r e e  zones  can 6 e  understood from t h e  conclus ions  
of Sec t ion  I concerning t h e  mechanism of  conversion of N a C l  t o  N a  SO i n  t h e s e  2 4 
atmospheres,  a s  fo l lows .  
The i n i t i a l  r e a c t i o n s  a r e  f o r  t h e  N a C l  t o  evapora t e  and f o r  N a  SO t o  form 2 4 
both  on t h e  sa l t  d e p o s i t  and on t h e  sur rounding  s u b s t r a t e .  Where t h e  N a C l  vapor  
p r e s s u r e  is h i g h  enough, e u t e c t i c  l i q u i d  s o l u t i o n s  of NaC1-Ha SO may a l s o  form. 2 4 
Thus i t  is  expected t h a t  c l o s e  t o  t h e  s a l t  d e p o s i t  a l i q u i d  w i l l  form, f u r t h e r  
away o n l y  s o l i d  sodium s u l f a t e  w i l l  form. However t h e  l i q u i d  d e p o s i t  i s  only  
s t a b l e  so long  a s  s u f f i c i e n t  NaCl is s u p p l i e d  from t h e  o r i g i n a l  d e p o s i t .  When 
t h i s  supply  f a l l s  o f f ,  a t  l onge r  t imes ,  t h e  N a C l  i n  t h e  e u t e c t i c  t h a t  conve r t s  t o  
Na SO can no longe r  be  r ep l aced  b y  N a C l  from t h e  atmosphere and t h e  l i q u i d  2 4 
begins  t o  undergo c o n s t i t u t i o n a l  s o l i d i f i c a t i o n .  Th i s  forms a porous zone of  
Wa2S04. 
Thus t h e  t h r e e  zones on t h e  above specimen, shown i n  F igure  39 a r e  t h e  
o u t e r  zone which i s  the o r i g i n a l ,  s o l i d ,  Na SO d e p o s i t ,  t h e  i n t e rmed ia t e  2 4 
zone which is t h e  porous N a  SO formed b y  c o n s t i t u t i o n a l .  s o l i d i f i c a t i o n  a t  2 4 
t empera ture ,  and t h e  i n n e r  zone which i s  t h e  zone t h a t  w a s  always l i q u i d  and shows 
a s o l i d i f i e d  e u t e c t i c  s t r u c t u r e .  
0 The same zones,formed on t h e  s i m i l a r  specimen exposed a t  700 C,are shown i n  
F igure  40. I n  t h i s  c a s e , t h e  i n t e r m e d i a t e  zone is composed of a compact s o l i d  of 
Na-C1-S-O e u t e c t i c  s t r u c t u r e  i n  a matrix of H a  SO The whole had been molten at  2 4'  
temperature and,on cool ing ,pr imary  sodium s u l f a t e  and r e s i d u a l  e u t e c t i c  s o l i d i f i c a t i o n  
have produced t h e  s t r u c t u r e  shown i n  Figure 40. In t h i s  F igu re  i t  is shown how 
t h e  observed s t r u c t u r e s  f i t  t h e  Na-Cl-S-O phase diagram wi th  t h e  c h l o r i n e  con ten t  
decreas ing  from t h e  neighborhood of t h e  o r i g i n a l  sal t  d e p o s i t  through t h e  i n n e r  
and in t e rmed ia t e  zones t o  t h e  o u t e r  zone which is composed e n t i r e l y  of sodium 
s u l f a t e .  
Both s p e c b e n s  w e r e  b o i l e d  in s l i g h t l y  a c i d i f i e d ,  d i s t i l l e d , w a t e r  i n  o r d e r  t o  
d i s s o l v e  o u t  any s o l u b l e  s a l t s .  F i g u r e 4 1  shows t h e  s u r f a c e  of t h e  alumina t h a t  
had been i n  c o n t a c t  wi th  bo th  l i q u i d  and s o l i d  ( o u t e r  zone) d e p o s i t s  a t  650°C. 
From Figure  41, i t  can be seen  t h a t  t h e  alumina t h a t  had been covered by e u t e c t i c  
l i q u i d  a t  temperature has  been s e v e r e l y  a t t a c k e d  o r  e t ched  by t h e  l i q u i d  sa l t .  
I n  cont ras t ,  l i t t l e  o r  no a t t a c k  i s  seen  on t h e  alumina t h a t  had been covered by 
t h e  o u t e r  s o l i d  N a  SO zone a t  temperacure. 2  4 
A s i m i l a r  procedure was followed us ing  preoxid ized  specimens of HOS 875 i n  
p l ace  of t h e  alumina d i s k s .  Af t e r  60 minutes  exposure t o  a i r  + 1% SO a t  6 . 5 0 ~ ~  2 
t h e  s u r f a c e  showed t h a t  a  s eve re  a t t a c k ,  shown i n  F igure  42, had occured s i m i l a r  
t o  t h a t  shown i n  Figure 36 a f t e r  20 ininutes a t  700'~. The s c a l e  of t h i s  specimen 
was ' leached  i n  s l i g h t l y  a c i d i f i e d  wa te r  which was found t o  c o n t a i n  t r a c e s  
of sodium c h l o r i n e  and s u l f u r ,  whereas p i e c e s  of s o l i d  s c a l e  t h a t  s epa ra t ed  and 
s e t t l e d  dur ing  l each ing  were f6und t o  be A 1  0 and Fe20j. 2 3 
C l e a r l y  t h e  p r o t e c t i v e  n a t u r e  of t h e  preformed alumina s c a l e  is l o s t  e a r l y  
i n  t h e  process  exposing t h e  more r a p i d l y  r e a c t i n g  e l e m e n t ~ ~ i r o n  a d chromium-to 
a t t a c k .  I n  o r d e r  t o  determzne whether a  l i q u i d  NaC1-Na Sd s o l u t i o n  is  necessary  2 4 
t o  i n i t i a t e  such a t t a c k ,  It was decided t o  examine t h e  e f f e c t  of v a r i o u s  c o n d i t i o n s ,  
designed t o  avoid t h e  formation of l i q u i d  phases ,  on t h e  i n t e g r i t y  of t h e  alumina 
s c a l e s  formed on HOS 875. To th i s .  end two samples of preoxid ized  HOS 875 were 
coated w i t h  N a C l  on ly  and exposed t o  a i r  f o r  two hours  a t  6.50'~ and 700°c, two 
samples were coa t ed  wi th  N a  SO and exposed t o  a i r  + 1% SO f o r  two hours  a t  2 4 2  
650 and 700°c, a f i n a l  sample was coa ted  wi th  N a C l  and exposed t o  a i r  + 1% SO2 a t  
6 0 0 ~ ~  f o r  two hours.  
None of t h e s e  c o n d i t i o n s  would l e a d  t o  t h e  format ion  of l i q u i d  phases and 
none of t h e  experiments showed any a t t a c k  bn, o r  d i s r u p t i o n  o f ,  t h e  preformed 
alumina s c a l e s  a s  is evident  from Figure 4 3 .  I n  a11 cases  the  alumina s c a l e  
appears t o  be  i n t a c t  and s t i l l  very  p r o t e c t i v e ,  furthermore t h e  metal-scale 
i n t e r f a c e  i s  q u i t e  f r e e  from a t t a c k .  I n  r e p e a t  e x p e r i n e n t s , t h e  s ~ e c i m e n s  
were leached i n  b o i l i n g  a c i d i f i e d  water and t h e  r e s u l t i n g  alumina su r faces  
examined. I n  a l l  cases  t h e  alumina r e t a i n e d  f e a t u r e s  c h a r a c t e r i s t i c  of t h e  
o r i g i n a l  s c a l e  s u r f a c e  and showed no s i g n s  of chemical a t t a c k .  These s u r f a c e s  
a r e  shown a l s o  i n  Figure 43. It t h e r e f o r e  appears  t o  be necessary f o r  a  l i q u i d  
s a l t  t o  be  p resen t  f o r  t h e  i n i t i a t i o n  of r a p i d  a t t a c k  of t h i s  a l l o y  t o  proceed. 
This s t i l l  does n o t  exp la in  how t h e  i n i t i a t i o n  of such a t t a c k  i s  achieved. 
The p o s s i b i l i t i e s  a r e  t h a t  t h e  l i q u i d  d i s s o l v e s  t h e  alumina and exposes t h e  
metal t o  a t t a c k ,  a l t e r n a t i v e l y  t h e  l i q u i d  may p e n e t r a t e  down e x i s t i n g  cracks  i n  
t h e  alumina s c a l e  t o  reach t h e  me ta l  and spread along t h e  metal-scale i n t e r f a c e  
forming s o l i d  oxide and s u l f i d e  phases r e s u l t i n g  i n  expansion and b u r s t i n g  
of t h e  alumina l a y e r .  
111. INITIATION OF ACCELERATED ATTACK 
The aim of t h i s  s e c t i o n  i s  t o  shed l i g h t  on t h e  mechanisms by which 
acce le ra t ed  a t t a c k  of alumina s c a l e s  3s i n i t i a t e d  by NaC1-Na SO l i q u i d  d e p o s i t s .  2 4 
The f i r s t  s t e p  taken was t o  u s e  t h e  technique of ' i n t e r r u p t e d '  t e s t i n g  t o  
provide a  sequence of specimens i l l u s t r a t i n g  t h e  development of morphological 
f e a t u r e s  of t h e  a t t a c k  w i t h  time. This  technique on ly  produces one r e s u l t  p e r '  
specimen s i n c e  t h e  examination i n  s e c t i o n  is d e s t r u c t l v e ,  however, i t  genera l ly  
y i e l d s  ve ry  va luab le  informat ion .  
Preoxidized specfmens of HOS 875 were coated w i t h  a  s a t u r a t e d  aqueous 
s o l u t i o n  of sodium ch lo r ide ,  d r i e d  and exposed t o  t h e  atmosphere conta in ing  
a i r  + 1% SO2 a t  7 0 0 ' ~  f o r  5 ,  10 ,  15 ,  20, 25 and 30 minutes. After  exposure, t h e  
specimens were mounted, sec t ioned and examined i n  the SEM with  EDS a n a l y s i s .  The 
r e s u l t s  a r e  presented below and shown i n  Figure 44 .  
5 Hinutes Exposure 
The alumina l ayer  was i n t a c t  and apparent ly  unchanged. The sodium ch lo r ide  
coating a l ready contained regions  t h a t  a r e  su l fu r - r i ch  where transformation t o  
N a  SO had begun. Presumably l i q u i d  formation began i n  these  areas .  The 2 4  
d i s t r i b u t i o n  of su l fu r - r i ch  a reas  throughout the  o r i g i n a l  sodium ch lo r ide  
deposi t  is an i n d i c a t i o n  of the  porous na tu re  of t h i s  l ayer  which i s ,  c l e a r l y ,  
very e a s i l y  penet ra ted  by gases. A t  t h i s  s t a g e ,  t h e r e  does not  appear t o  have 
been any accumulation of s u l f u r  a t  the  base  of t h e  alumina l ayer  a t  t h e  metal-scale 
i n t e r f a c e  . 
10 Minutes Exposure 
The alumina l ayer  s t i l l  appeared t o  be i n t a c t .  The sodium ch lo r ide  l a y e r  
contained more s u l f u r  wi th  a very s t rong concentrat ion a t  t h e  metal-scale 
i n t e r f a c e  coincident  with a s t rong  presence of chromium and i ron.  The chromium 
p a t t e r n  i n  p a r t i c u l a r  i s  a p e r f e c t  match wi th  t h a t  of s u l f u r  and it appears t h a t ,  
i n  t h i s  specimen, a l a y e r  of chromium s u l f i d e  has formed surmounted by a l a y e r  
of i r o n  oxide j u s t  below t h e  a l d n a  preoxidized s c a l e .  The alumina s c a l e  i t s e l f  
is not ruptured bu t  is t i l t e d  and i t  is more than l i k e l y  t h a t  t h i s  s e c t i o n  is 
taken t o  one side of a s i t e  a t  which d f s rup t ion  of t h e  alumina s c a l e  occured. 
15 Minutes Exposure 
By t h i s  s t age  of t h e  r e a c t i o n  even random sec t ion ing  of t h e  sample produces 
evidence t h a t  t h e  alumina l a y e r  has become bent  and broken a s  seen i n  Figure 4 4 .  
Some areas  may a l s o  be  found where the  alumina has remained i n  f i rm contact  wi th ,  
and adhered t o ,  t h e  su r face .  
The zone between t h e  broken alumina l ayer  and t h e  metal  shows a s t rong  i r o n  
presence, some C r  and a l i t t l e  s u l f u r .  The salt l a y e r  shows high concentra t ions  
of s u l f u r  and ch lo r ine  and has  been molten. Sme i r o n  is d i s t r i b u t e d  both above 
and below t h e  broken alumina l a y e r ,  probably a s  i r o n  oxides .  There i s  a l s o  
evidence,from EDS r e s n o n s e s , t h a t  some sodium, c h l o r i n e  and s u l f u r  is p r e s e n t  
i n s i d e  t h e  broken alumina l a y e r  between i.t and t h e  meta l  s u r f a c e .  These EDS 
responses  c o i n c i d e  and i n d i c a t e  t h e  presence  of l i q u i d  NaC1-Na SO e u t e c t i c  i n  2 4 
t h i s  zone w i t h  which some aluminum is e v i d e n t l y  associated a t  t h e  meta l  s u r f a c e .  
20 E n u t e s  Exposure 
The obse rva t ions  a r e  e s s e n t i a l l y  s i m i l a r  t o  t hose  desc r ibed  above a f t e r  1 5  
minutes exposure,  t h e  d i f f e r e n c e  is one of degree  only  i n  t h a t  t h e  presence  o f  
sodium, c h l o r i n e  and s u l f u r , a b o v e  and below t h e  broken alumina s c a l e , i s  n o r e  
d e f i n i t e  and is a l s o  a s s o c i a t e d  wi th  i r o n  i n  t h e s e  a r e a s ,  t h e  i r o n  EDX image 
does n o t  correspond as prec ise ly .  t o  t h e  s u l f u r  a s  t h e  sodium image does and 
t h e  i r o n  i s  probably p re sen t  p a r t i a l l y  a s  oxide.  There appear  t o  b e  responses  
a l s o  t o  chromium, i r o n  and s u l f u r  on t h e  meta l  s u r f a c e ,  a weak response  t o  
aluminum i s  a l s o  seen  g e n e r a l l y  i n  t h e  area covered by molten sal t  above and below 
t h e  broken alumina l a y e r .  
25 S n u t e s  and 30 Minutes Exposure 
Chromium remains concen t r a t ed  on t h e  me ta l  s u r f a c e  and a l s o  j u s t  below t h e  
alumina layer ,whereas i r o n  is more g e n e r a l l y  d i s t r i b u t e d  on both  s i d e s  of t h e  
broken alumina l a y e r .  Su l fu r  shows a c o n c e n t r a t i o n  on t h e  me ta l  s u r f a c e  t h a t  
co inc ides  wi th  t h e  i r o n  and chromium t h e r e ,  a l s o  on both  s i d e s  of t h e  broken 
alumina l a y e r  co inc id ing  w i t h  t h e  p re sence , in  t h e s e  places,of  sodium and c h l o r i n e .  
In  a d d i t i o n , a f t e r  30 minutes  t h e r e  i s  c l e a r  evidence of some l a y e r i n g  of t h e  
aluminum, chromium and s u l f u r ,  immediately above t h e  meta l  su r f ace ;  t h e s e  EDX 
images a r e  n o t  co inc iden t  w i t h  any o t h e r  images and i n d i c a t e  t h e  formation of 
of chromium s u l f i d e  and alumina a t  t h i s  p lace .  Immediately above t h i s  i s  an  
i ron - r i ch  zone o f ,  p robably ,  i r o n  oxides  which i s  surmounted by ano the r  
l a y e r  r i c h  i n  aluminum, chromium, s u l f u r ,  sodium and c h l o r i n e .  Immediately 
above t h i s  is  t h e  broken alumina s c a l e  above which is  t h e  m e l t  of NaC1-Na SO wi th  
2 4 
some N a C l  p a r t i c l e s  t h a t  have not  completely reached y e t ,  a l though c l e a r l y  less 
NaCl remains than  a t  s h o r t e r  times. 
Discussion 
The most important conclusion drawn from the  above observat ions  i s   ats steps 
i n  t h e  i n i t i a t i o n  of ho t  co r ros ion  begin a s  soon a s  a l i q u i d  NaC1-Na SO can form 2 4 
i n  con tac t  wi th  t h e  alumina l a y e r .  The alumina l a y e r  remains whole and u n d i s t o r t e d  
while  a l a y e r  of chromium and aluminum s u l f i d e s  and oxides forms below i t ;  
between t h i s  l a y e r  and t h e  alumina l a y e r ,  formation of i r o n  oxides apparan t ly  
occurs.  The formation of t h e s e  compounds between the  alumina s c a l e  and t h e  metal  
s u r f a c e  causes expansion, l i f t i n g  and breaking t h e  alumina s c a l e  a s  shown i n  
subsequent micrographs. From t h i s  po in t  t h e  l iqu id  s a l t  m e l t  ga ins  ready access  
t o  t h e  meta l  s u r f a c e  and proceeds t o  l ead  t o  t h e  formation of s u l f i d e s  of 
aluminum and chromium and oxides  o f  i r o n a n d  aluminum. The ques t ion  t h a t  
a r i s e s ,  consequently,  i s  how t h e  s u l f u r ,  and oxygen, p e n e t r a t e  the  alumina s c a l e  
i n i t i a l l y .  
In  order  t o  answer t h i s  ques t ion ,  two experiments were c a r r i e d  out  i n  which 
specimens of HOS 875 were coated wi th  N a C l  and exposed t o  t h e  a i r  f lei 
s02 
atmosphere f o r  5 minutes and 10 minutes r e s p e c t i v e l y  a t  700'~. They w e r e  then 
leached i n  d i l u t e ,  O.lN, hydrochloric  a c i d  t o  remove a l l  s o l u b l e  s a l t s .  The 
washed s u r f a c e  of t h e  s c a l e  was then  examined under t h e  scanning e l e c t r o n  
microscope. The su r face  observed a f t e r  5 minutes is shown i n  Figure 45 and 
i t  is c l e a r  t h a t  the  alumina s c a l e  has  been heav i ly  e tched,  o r  a t t a c k e d ,  t h e  
g r a i n  co rne r s  became rounded and p inholes  a r e  revealed  e s p e c i a l l y  a t  t h e  g r a i n  
boundaries.  Some of t h e s e  f e a t u r e s  a r e  merely depress ions  while  o t h e r s  a r e  
ho les  i n  t h e  alumina a t  t h e  base  of some of which smal l  nodules a r e  growing. 
These nodules,  which a r e  more c l e a r l y  shown in Figure  46 ,  a f t e r  10 minutes,  a r e  
r i c h  i n  i r o n  and chromium, the  g ra in  boundaries a r e  a l s o  a t tacked.  The 
alumina g ra ins  of t h e  s c a l e  on each s i d e  of the  boundary appear t o  be s t a r t i n g  
to bulge away from t h e  metal  su r face  a s  a r e s u l t  of the  i r o n ,  chromium and 
aluminum compounds growing under t h e  boundary. This r epresen t s  t h e  f i r s t  s t a g e s  
i n  t h e  i n i t i a t i o n  of cracking. It is apparent  from Figures 45 and 46 t h a t  
pinholing of the  alumina and a t t a c k  a t  t h e  g r a i n  boundaries by the molten s a l t  
has lead t o  t h e  ingress  of t h e  molten s a l t  t o  a t t a c k  t h e  metal below a t  the  
metal-scale i n t e r f a c e ,  however a l t e r n a t i v e  p o s s i b i l i t i e s  must a l s o  be  considered. 
The f i r s t  poss-ible a l t e r n a t i v e  is t h a t  thermal cracking may be responsible  
f o r  the  i n i t i a l  damage t o  t h e  alumina l a y e r .  A l l  of the  above experiments were 
c a r r i e d  ou t  under slow heat ing and cooling of t h e  specimens t o  avoid inducing 
thermal cracking,  However, two f u r t h e r  experiments were c a r r i e d  out  i n  which 
preoxidized metal  s u b s t r a t e s  without NaCl coat ings  were heated ,  under i d e n t i c a l  
cpndi t ions  to the previous specimens, i n  a i r  without SO a t  6 5 0 ' ~  and 7 0 0 ' ~  2 
f o r  one hour. These specimens were cooled t o  room temperature wi th  t h e  furnace.  
Figure 47 shows t h a t  no obvious change i n  appearance of the  su r face  s c a l e  
occured during t h i s  tr'eatment, i n  p a r t i c u l a r  no evidence of crack formation was 
found. It i s  the re fo re  u n l i k e l y  t h a t  t h e  i n i t i a l  damage t o  the alumina is  
caused by thermal cracking. 
A f u r t h e r  poss ib le  mechanism to exp la in  t h e  i n i t i a l  l i f t i n g  of t h e  alumina 
s c a l e  is by t h e  formation of v o l a t i l e  chlor ides  a t  the  sca le -meta l  i n t e r f a c e ,  once 
t h e  i n i t i a l  pene t ra t ion  of t h e  alumina s c a l e  h a s  been achieved which previous 
experimenrs, i l l u s t r a t e d  i n  Figure 43,  have confirmed requ i res  t h e  presence of t h e  
NaC1-Na SO l i q u i d .  2 4 
A f u r t h e r  p o s s i b i l i t y  would be t h a t  su l furous  gases pene t ra te  t h e  alumina 
l ayer  from t h e  atmosphere and l ead  t o  formation of s u l f i d e s  and oxides a t  t h e  
metal-scale in te r face .  Evldence of t h i s  occurring i n  n i c k e l  and coba l t  systems 
has a l ready  been documented (30,31) t h e r e f o r e i t  was prudent t o  check t h e  
p o s s i b i l i t y  i n  t h i s  case. Penet ra t ion  of the  alumina s c a l e  was no t  observed i n  
t h e  cases r e f e r r e d  t o  i n  Figure 43 which involved var ious  salt  depos i t s  exposed 
t o  a i r  + 1% SO2 a t  temperatures which avoided l i q u i d  formation. I n  order t o  
confirm t h i s  a t  700°c,a preoxidized HOS 875 specimen, uncoated, was exposed at  
700 '~  t o  a i r  + 17; SO f o r  one hour. After t h i s  t reatment,  t h e  su r face  and cross  2 
s e c t i o n  were examined by SEN and EDS techniques. It w a s  found, a s  shown i n  
Figure 48, t h a t  the  s c a l e  su r face  w a s  unal tered  by t h i s  treatment and t h a t  
t h e r e  is  no evidence of s u l f u r  having been t ranspor ted  across  the  alumina l a y e r .  
Since a l l  of these  t e s t s  involved exposures of one hour and f a i l e d  to  
provoke e i t h e r  damage t o  t h e  alumfna layer  o r  its penetra t ion by s u l f u r ,  and 
s ince  s u l f i d e s  begin t o  form a f t e r  5-10 d n u t e s  a t  the  alumina-metal i n t e r f a c e  
when a molten NaC1-Na SO s a l t  is  formed on the  su r face ,  i t  must be concluded 2 4 
t h a t  a molten s a l t  i s  neccessary f o r  the  i n i t i a t i o n  of the  breakdown of t h e  
alumina s c a l e  which occurs  by chemfcal a t t a c k  t o  form pinholes a s  shown i n  
Figures 45 and 46.  
The mechanisms by which alumina d i s so lves  i n  the  salt is almost c e r t a i n l y  
by ac id  d i s s o l u t i o n  as shown i n  Appendix IT. 
An a l t e r n a t e  mechanism by which t h e  s c a l e  could be a t tacked is by t h e  
formation of v o l a t i l e  A l C l  According t o  the  r e a c t i o n  3 ' 
This is  considered a l s o  i n  Appendix 11 and r e j e c t e d  a s  being most un l ike ly .  
Once t h e  pinholes form and t h e  l i q u i d  s a l t  gains access t o  the  metal su r face  
t h e  condit ions a r e  somewhat d i f f e r e n t  s i n c e  t h e  presence of the  metal  w i l l  cause 
metal s u l f i d e s  and oxides t o  form thus imposing low s u l f u r  and oxygen p a r t i a l  
pressures  on t h e  system. I n  t h i s  case  t h e  formation,of  v o l a t i l e  ch lo r ides  by 
d i r e c t  r eac t ion  between t h e  s a l t  and metal should be considered according t o  
reac t ions  such a s  
4M + 2 NaCl C Na2S04' MC1 + M S + 2 M O + 2  XaO 
2(%> 2 
This p o s s i b i l i t y  i s  considered a l s o  i n  Appendix I1 , taking the  case  most 
l i k e l y  t o  produce t h e  v o l a t i l e  ch lo r ides  which involves the  formation of 
C r  0 and C r  S A s  shown i n  Appendix I1 these  reac t ions  r e s u l t  i n  low 
2 3 2 3 '  
p a r t i a l  p ressures  of t h e  ch lo r ides .  
Af ter  the  pinholes have been made, the  next s t e p  is t h a t  t h e  o r i g i n a l  
alumina s c a l e  l i f t s  from t h e  metal  and cracks.  A t  t h i s  point  t h e  l i q u i d  s a l t  
gains easy access t o  the  scale-metal i n t e r f a c e  i n  genera l  and very  rap id  r e a c t i o n  
ensues. 
From t h e  c a l c u l a t i o n s  made i n  Append* TI, it is  almost c e r t a i n  that the 
vapor pressures  of  the  v o l a t i l e  ch lo r ides  a r e  not high enough t o  cause t h e  
alumina s c a l e  t o  l i f t .  Thus it can b e  confirmed t h a t  t h e  o r i g i n a l  alumina s c a l e  
is  l i f t e d  and caused t o  break by t h e  formation of s u l f i d e s  and oxides of i r o n  
and chromium a t  t h e  scale-metal i n t e r f a c e  by d i r e c t  leact ion between t h e  metal 
and the  molten s a l t  penet ra t ing  from t h e  pinholes. 
A s  a r e s u l t  of the observations made during this program, the  following 
conclusions may be drawn. 
Conclusions 
I. The conversion of sodium ch lo r ide  to  sodfum s u l f a t e  proceeds by two p a r a l l e l  
mechanisms. Reaction on t h e  su r face  of t h e  NaCl with SO2 and O2 l eads  t o  
the  formation of a porous l ayer  of N a  SO simultaneously t h e  evaporat ion of 2 4 '  
NaCl from t h e  NaCl su r face  i n t o  t h e  gas stream leads  to  the  formation of 
Na SO a s  a deposi t  on t h e  s u b s t r a t e  surrounding the  p a r t i c l e s .  2 4 
2. The r e l a t r v e  importance of t h e  two mechanisms changes with temperature, i n  
0 
s i t u  conversion being more important below 550 C whereas evaporat ion i s  over- 
whelmingly more impo'rtant above 600' C. 
3 .  Above 62!j0c, t h e  e u t e c t i c  temperature i n  t h e  NaC1-Na SO system, the  sodium 2 4 
s a l f a t e  formed takes up some sodium ch lo r ide  to  produce an aggressive 
l i q u i d  i n  t h e  atmospheres used. 
4 .  I n  t h e  atmospheres used, the  l i q u i d  salt  formed above 6 2 5 ' ~  a t t a c k s  t h e  
alumina s u b s t r a t e  by  a c i d i c  d i s so lu t ion .  
5 .  When t h e  s u b s t r a t e  is a growing l ayer ,  the  a t t a c k  by l i q u i d  NaC1-Na S O  is not  2 4 
uniform bu t  is  more pronounced a t  s e l e c t e d  s i t e s  such a s  g ra in  boundaries 
and un iden t i f i ed  s i t e s  on t h e  g ra in  su r face .  The alumina l a y e r  is rap id ly  
penetrated by t h e  l i q u i d  s a l t  a t  these  s i t e s  t o  make contact  with t h e  metal .  
6. When the  salt  con tac t s  t h e  m e t a l ,  oxidat ion and s u l f i d a t i o n  of t h e  m e t a l  r e s u l t s  
i n  t h e  formation of i r o n  and chromium oxfdes a n d s u l f i d e s  i n  t h e  case of 
HOS 875. 
7 .  It is thought t h a t  some of the  oxide formed w i l l  d i s so lve  i n  t h e  s a l t  and . 
eventual ly  d i f f u s e  out  t o  b.e p rec ip f ta ted  on the  ou t s ide  where t h e  oxygen 
p o t e n t i a l  i s  higher.  
8. The growth of oxide and, mainly, s u l f i d e  at t h e  scale-metal  i n t e r f a c e  l eads  
to  t h e  massive l i f t i n g  of the  alumina s c a l e  with consequent d i s rup t ion  and 
l o s s  of p ro tec t ion .  From t h i s  point  very g r e a t l y  accelera ted  a t t a c k  ensues 
a s  t h e  molten s a l t  s o l u t i o n  ga ins  ready access  to t h e  metal  surface .  
9 .  It i.s thought t o  b e  un l ike ly  t h a t  t h e  formation of v o l a t i l e  chlor ides  is  
responsible  f o r  t h e  l i f t i n g  and f r a c t u r e  of the  alumina sca le .  
10. It has  no t  been poss ib le  t o  es tab l i sh .  whether t h e  r o l e  of NaCl is simply to  
provide a low temperature l fqu id  phase o r  whether i t  plays a s p e c i f i c  ro le  i n  
t h e  aggressive a t t a c k  of t h i s  l i q u i d  on the  alumina. 
APPENDIX I 
A. Calcula t ion  of NaCl Vapor Pressures  and Evaporation Rates 
The vapor pressures  of NaCl i n  equ i l ib r ium wi th  s o l i d  and l i q u i d  N a C l  
r e s p e c t i v e l y  a r e  given by (27) 
- 3 (So l id )  l o g  PNaC1 = -12440/T - 0.9 l o g  T - 0.46 X 10 T + 14.31 (AI.1) 
(Liquid) l o g  PNaCl = -11530/T - 3.48 log  T + 20.77 
where t h e  p res su res  a r e  i n  mm of mercury. 
(AI. 2)  
Values of t h e  p a r t i a l  p res su re  of sodium c h l o r i d e  a t  temperatures between 
500-700°C a r e  given i n  Table I. A t  650°C t h e  l i q u i d  phase t h a t  e x i s t s  may 
conta in  a range of sodium c h l o r i d e  con ten t s  a s  ind ica ted .  The r e l evan t  sodium 
c h l o r i d e  p a r t i a l  p res su res  a r e  a l s o  given us ing  t h e  assumption of i d e a l  s o l u t i o n  
(AI. 3) 
where %aC1 i s  t h e  mole f r a c t i o n  of NaCl i n  t h e  l i q u i d  and Po NaCl is t h e  p a r t i a l  
of NaCl t h a t  would be  i n  equi l ibr ium over pure l i q u i d  NaCl a t  t h a t  
temperature. 
The r a t e  of evapora t ion  of NaCl from t h e  s a l t  surface w i l l  depend on its 
vapor pressure  and the  flow of t h e  furnace atmosphere gases over the  specimen s u r f a c e .  
I n  genera l  t he  evapora t ion  f l u x  may be  expressed a s  
a t  
where P Na C l  and P NaCl a r e  t h e  p a r t i a l  p res su res  i n  equi l ibr ium wi th  the  NaCl and 
i n  t h e  genera l  atmosphere r e s p e c t i v e l y .  The t r a n s f e r  c o e f f i c i e n t  k can u s u a l l y  
be  expressed a s  D/6 where D i s  a d i f f u s i o n  c o e f f i c i e n t  and 6 is a boundary l a y e r  
thickness.  Values of D f o r  sodium ch lo r ide  vapor a r e  not a v a i l a b l e  however va lues  
could be c a l c u l a t e d  from i d e a l  gas k i n e t i c s  and found to  b e  i n  t h e  range of 1-2 
2 -1 0 
cm s e c  over t h e  temperature range 500-700 C.  Values of 6 w i l l  vary over t h e  
su r face .  However i t  is  expected t h a t  both  6 and D w i l l  i nc rease  wi th  temperature 
and t o  a f i r s t  approximation k w i l l  be assumed t o  be cons tant  over t h e  narrow 
temperature range 5 0 0 - 7 0 0 ~ ~ .  
I n  t h e  p resen t  case  t h e  p a r t i a l  p res su re  of sodium c h l o r i d e  i n  t h e  furnace  
a t  
atmosphere, 
' ~ a c l '  i s  n e a l i g i b l e ,  thus  it can be  assumed t h a t  the  ' 
of NaCl i s  given by 
3 - 
- * ~ a ~ l  ( A I .  5) N a  C l  
where k is approxiinately independent of temperature between 500-700'~. 
The maximum poss ib le  r a t e  of evapora t ion  of NaC1 may be c a l c u l a t e d  us ing  
t h e  Hertz-Langmuir equat ion  
' N ~ C I  1.06 X 10 6 
NaCl = a 
i2=%Tac 1 RTI 
(AI. 6 )  
-2 -1 
where JNaCl is t h e  f l u x  of N a C l  i n  mol cm . sec 
' ~ a ~ l  is  the p ressu re  i n  atmospheres 
- 1 
% a ~ l  is t h e  molecular weigh.t of NaCl i n  gm mol 
-1 -1 
R i s  t h e  gas cons tant  i n  e r g s  mol deg . 
a: i s  a cons tant  l e s s  than  o r  equal  t o  un i ty .  
Values obta ined  from t h i s  equat ion  a r e  t h e  maximumpossible and may n o t  be  
achieved even when evaporat ing i n t o  a vacuum. I n  p rac t i ce , evapora t ion  r a t e s  
s u b s t a n t i a l l y  below those p red ic t ed  from t h i s  equat ion  a r e  expected t o  b e  observed. 
0 Since evapora t ion  i s  kmwn t o  be  s t r o n g e s t  a t  700 C i n  t h e  p resen t  s tudy 
-5 
where t h e  vapor p res su re  i s  about 10 atm. a va lue  of k may be  found and appl ied  
t o  o t h e r  temperatures,  t h u s  it i s  seen  t h a t  
('J XaC1) T2 (P NaC1)T2 
It i s  t h e r e f o r e  poss ib le  t o  e s t i m a t e  t h e  t i m e  t h a t  would be requi red  t o  
remove a 1OOpm t h i c k  NaCl p a r t i c l e  i f  i t  i s  noted t h a t  such a p a r t i c l e  survives  
f o r  60 minutes a t  650'~. P a r t i c l e  s u r v i v a l  t imes,  i n  t h e  absence of r e a c t i o n  
may lie c a l c u l a t e d  a s  
v a l u e s  c a l c u l a t e d  f o r  evapora t ion  t fmes  a t  t h e  v a r i o u s  temperatures  used a r e  
g iven  i n  Table I. 
0 It can  be seen  t h a t  t h e  evapora t ion  ra te  fs ve ry  slow a t  500 C t ak ing  an 
es t imated  18,000 minutes  t o  remove t h e  100vm p a r t i c l e  compared wi th  1016 minutes  
f o r  t h e  complete convers ion  by r e a c t i o n  fol lowfng F i e l d e r .  On t h e  otherhand t h e  
100pn diameter  p a r t i c l e  w i l l  b e  removed Cn 13 minu te s  a t  700'~. This is 
l a r g e l y  i n  accordance w i t h  obse rva t ions  made i n  this s tudy  which showed t h a t  
gene ra l  d e p o s i t i o n  over  t h e  alumina s u r f a c e  Xncreases markedly wi th  temperature.  
B. Ca lcu la t ion  of Rate of  Conversion o f  Sac1 t o  N a  SO 2 4 
According t o  F i e l d e r  e t  a1 (.8,9). The r a t e  of conversion of  N a C l  s i n g l e  
c r y s t a l s  i n  a i r  con ta in ing  SO over  t h e  temperature range 400-550'~ i s  re- 2 
presented  by 
k = 0.6 PSO, exp (-22000./RT) mp c d 2  s e c .  -1 
3 
-1 -1 
where P is i n  atmospheres  and R f s  i n  J mol. deg. . Over t h i s  tempera ture  
S03 
range evapora t ion  of sodium c h l o r i d e  i s  ex t remely  slow, a s  shown i n  Table I, 
and may b e  neg lec t ed .  The r e a c t i o n  b y  which convers ion  of N a C l  t o  N a  SO 2 4 
occurs  i s  
2 N a C l  + SO + O2 = Na SO + C 1 2  2 2 4 (AI.10) 
Thus,for  every  mole of N a C l  conve r t ed , the  weight  gained is 
m = 1 /2  (MSO + Mo2 - NCl2) 
2 
(AI. 11) 
where Mx is t h e  molecular  weight  of s p e c i e s  X. Thus weight i s  gained at t h e  
4 
r a t e  of 1.25 X 10 mg. p e r  mol of N a C l  conver ted ,  and t h e  above r e a c t i o n  r a t e  
may be  expressed as 
R = 4.8 X p exp (-22000/RT) mol s e c .  1) 
S02 
(AX. 12)  
Values of  t h e  c a l c u l a t e d  rates  a r e  g iven  i n  Table I f o r  bo th  a i r  + 1% SO 2 and 
a i r  + 0.2% SO2 atmospheres.  
Since  t h e  r e a c t i o n  r a t e  i s  cons t an t  f o r  a g iven  atmosphere and tempera ture ,  
be ing  c o n t r o l l e d  by a s u r f a c e  p r a c e s s ,  i t  is p o s s i b l e  t o  e s t i m a t e  t h e  t i m e  
r equ i r ed  t o  t o  completely r e a c t  a 100pm t h i c k  N a C l  c r y s t a l .  This is t h e  t i m e  t o  
conver t  a 5Opm t h i c k n e s s  o f  N a C l  which. is es t ima ted  as 
t =  seconds 
R. if N a C l  
-2 
where R is t h e  a p p r o p r i a t e  r e a c t f o n  r a t e  i n  mol cm s e c .  -1 
'~a~a~l is t h e  
3 
molar volume of NaCl (27 cm mol-I). S i m i l a r  e s t i m a t e s  f o r  t h e  removal o f  
N a C l  by evapora t ion  can b e  c a r r i e d  o u t  us-ing t h e  a p p r o p r i a t e  evapora t ion  r a t e  i n  
p l ace  of R. 
Values f o r  t h e  e s t ima ted  times: t o  conve r t  o r  remove 50pm of N a C l  by r e a c t i o n  





















A. Mechanism of D i s s o l u t i o n  of Alumina i n  NaC1-Na,SO, Melts. 
c. Ct 
According t o  Stro.ud and Rapp 0 2 )  alumina shows its m i n i m u m  s o l u b i l i t y  i n  
-9 N a  SO m e l t s  a t  a sodium oxide a c t i v i t y  of 10 . Thus alumina i s  expected t o  2 4 
d i s s o l v e  b.y b a s i c  d i s . so lu t ion ,  forming a luminate  i o n s ,  a t  sodium ox ide  a c t i v i t i e s  
g r e a t e r  t han  LO-' accord ing  t o  a b a s i c  f l u x i n g  mechanism. 
A1203 ( s )  + N a  0 = 2 NaAlO 2 ( 2 )  2 ( A I I .  1 )  
o r  ~ 1 ~ 0 ~  + 02- = 2 A O ;  (AII. 2) 
-9 A t  sodium oxide  a c t i v i t i e s  l e s s  t han  10 alumina is expected t o  d i s s o l v e  
according t o  a n  a c i d  f l u x i n g  mechanism 
The d a t a  of Stroud and Rapp has r e c e n t l y  been r e v i s e d  q u i t e  d r a s t i c a l l y  
by Pul lockaran  and Rapp (33-) such t h a t  t h e  minimum s o l u b i l i t y  of alumina i n  l i q u i d  
-15 
sodium s u l f a t e  is  now thought  t o  occur  a t  sodium oxide a c t i v i t i e s  of 10 . 
Furthermore t h e s e  d a t a  r e f e r  t o  a tempera ture  of 927OC and do no t  ex tend  t o  t h e  
lower tempera tures  t h a t  can only  be  reached i n  t h e  l i q u i d  s t a t e  by mulricomponent 
s y s  t e m s  . 
However t h e  a c t i v i t y  of sodium oxide  may b e  c a l c u l a t e d  in  t h e  c a s e  of the 
NaC1-Na SO l i q u i d s  obta ined  i n  t h i s  i n v e s t i g a t i o n  a t  700°C a s  fo l lows .  2 4 
Na SO = NaZO + SO * A G O  = 101600 c a l .  (AII.4) 2 4 3 ' 
t h e  equ i l i b r ium cons t an t  f o r  which is  
K = 1.5 X 10 -23 
P u t t i n g  t h e  mol f r a c t i o n  of sodium s u l f a t e ,  '~a, SO,, equa l  t o  0.75 and 0 .42 t o  
- 
r ep re sen t  t h e  r anae  of l i q u i d  composition p o s s i b l e  a t  973K and p u t t i n g  P = 5 X 10-'-atm 
S03 
and 1.1 X lo-' a t m  f o r  t h e  atmospheres used ( f r ~ m  Table I) it can be s e e n  t h a t  t h e  
sodium oxide a c t i v i t i e s  i n  t h e  l i q u i d s  formed i n  t h e  present  work a r e  expected t o  
l i e  between 1.02 X and 1.26 X Under a l l  of the  cond i t ions  used a t  
0 700 C ,  t h e  low sodium oxide a c t i v i t y  should ensure  t h a t  d i s s o l u t i o n  of alumina 
occurs  by t h e  a c i d  mechanism. 
The presence of NaC1 is  expected t o  have t h e  e f f e c t  simply of ensur ing  t h a t  a  
l i q u i d  phase is  formed and t h a t  t h e  Na2S04 e x i s t s  i n  t h e  l i q u i d  a t  an a c t i v i t y  
somewhat less than uni ty .  The p o s s i b i l i t y  t h a t  i t  may a f f e c t  the s o d i m  oxide  
a c t i v i t y  should be examined however, 'be sodium c h l o r i d e  i n  convert ing t o  N a  SO 2 4 
consumes SO and 0 2 2 
This r e a c t i o n  w i l l  c o n t r o l  t h e  p a r t i a l  p res su re  o r  chemical p o t e n t i a l s  of SO 2 O 2  
and C 1 2  so  long a s  both NaCl and N a  SO a r e  present  i n  t h e  m e l t .  2  4 
Thus t h e  a c t i v i t y  of Na 0 which is  s e t  up according t o  2 
(AII.  6) 
w i l l  b e  inf luenced by t h e  presence of NaCl and t h e  appropr i a t e  r e a c t i o n  t o  
consider  would be t h e  sum of t h e  two above r e a c t i o n s  
2 NaCl 4- 112 O2 = Na20 + C 1 2  = 87425 c a l .  ( A I I .  7 )  
I f  i t  i s  assumed t h a t  equ i l ib r ium i s  reached i n  t h i s  r e a c t i o n  (which i s  by 
no means c e r t a i n )  then we  have 
2 112 
a = a ' 0 2  X 2 .3  X Na20 N a C l  -
P", 
Unfor tunate ly ,va lues  of P and PC1 a r e  no t  a v a i l a b l e ,  they a r e  a l s o  
O 2 2 
d i f f i c u l t  t o  e s t i m a t e  s i n c e  t h e  r e a c t i o n  w i l l  almost c e r t a i n l y , i n  p rac t i ce , invo lve  
d issolved oxygen and ch lo r ine .  If t h e  r e a c t i o n  proceeds quickly  then  t h e  c h l o r i n e  
concent ra t ion  is l i k e l y  t o  be increased  t o  s a t u r a t i o n  wi th  P = 1 atm whereas 
C12 
t h e  oxygen w i l l  be consumed and i t s  content  reduced. The ins tantaneous  oxygen 
content  cannot be  es t imated  s i n c e  t h e  d i s s o l u t i o n  k i n e t i c s  f o r  oxygen i n  t h e  s a l t  
a r e  unknown. 
However i t  appears  s e n s i b l e  t o  assume P = 1 atm i n  t h e  s a l t  melt  (not  
C12 
i n  t h e  atmosphere) i n  which c a s e  
The va lue  of a NaCl is  of t h e  o r d e r ' o f  0.5 i n  t h e s e  m e l t s  whence 
(AII. 10)  
It i s  t h e r e f o r e  n o t  l i k e l y  t h a t  t h e  presence  of N a C l  i n  t h e  m e l t  can 
markedly a f f e c t  t h e  N a  0 a c t i v i t y  and alumina is  expected t o  be  a t t a c k e d  by 2 
a c i d  d i s s o l u t i o n .  The formation of i n t e r m e d i a t e  phases i n  t he  A1-Na-0-C1-S system 
t h a t  may i n c r e a s e  t h e  r a t e  of a t t a c k  is  p o s s i b l e  b u t  a t  t h e  p re sen t  t i m e  pu re ly  
. . 
s j e c u l a t i ~ e .  
When t h e  l i q u i d  sal t  p e n e t r a t e s  t h e  alumina s c a l e  a t  t h e  p in  h o l e  s i t e s  i t  
e n t e r s  a r eg ion  where t h e  oxygen p o t e n t i a l  is ve ry  low,being c o n t r o l l e d  by t h e  
presence of t h e  a l l o y .  Thus -a t  t h e  s c a l e - m e t a l  i n t e r f a c e , t h e  s u l f u r  t r i o x i d e  
p a r t i a l  p re s su re  w i l l  be  much lower than  i n  equ i l i b r ium w i t h  t h e  atmosphere a n d ,  
corresponding1y:the oxygen ion  a c t i v i t y ,  o r  N a  0 a c t i v i t y ,  w i l l  rise. The 2 
presence of a low oxygen a c t i v i t y ,  due t o  t h e  formation of a l l o y  me ta l  ox ides ,  w i l l  
a l s o  i n c r e a s e  t h e  s u l f u r  a c t i v i t y  t o  l e v e l s  a t  which metal s u l f i d e s  can form 
which accounts  f o r  t h e  observed i r o n  and chromium oxides  and s u l f i d e s  i n d i c a t e d  
i n  F igure  4 4 .  For i n s t a n c e  i n  F igure  44 , a f t e r  5 minutes  exp0sure.a  l a y e r  is seen  
below t h e  alumina l a y e r  t h a t  h a s  a h i g h  C r  con ten t  bu t  low Fe and S con ten t s  and 
i s ,  t h e r e f o r e ,  probably a l a y e r  of C r  0 Such C r  0 format ion  would g r e a t l y  
2 3'  2 3 
reduce t h e  oxygen a c t i v i t y  of t h e  l i q u i d  s a l t  and thus  cause  t h e  s u l f u r  a c t i v i t y  
t o  i n c r e a s e  and l e a d  t o  t h e  formation of i r o n  and chromium s u l f i d e s .  This  i s  
i n f a c t  seen  a f t e r  10 minutes ,  i n  F i g u r e 4 4 ,  where a h igh  s u l f u r  con ten t  l a y e r  
is seen  a l s o  w i t h  r e l a t i v e l y  h igh  chromium and low i r o n  content .  Th i s  is 
e x a c t l y  a s  would b e  p r e d i c t e d  from thermodynamic cons ide ra t ions  of t h e  r e l a t i v e  
s t a b i l i t i e s  of chromium and i r o n  s u l f i d e s .  S ince  C r  w i l l  b e  d e g l e t e d b y  
forming oxide  and s u l f i d e  and s i n c e  d i f f u s i o n  from t h e  b u l k  of t h e  a l l o y  i s  
slow a t  t h e s e  tempera tures ,  i r o n  is g r a d u a l l y  enr iched  i n  t h e  a l l o y  and e v e n t u a l l y  
i r o n  oxide  and s u l f i d e  formation would predominate. 
The formation and growth of t h e  i r o n  and chromium oxides  and s u l f i d e s  would 
cause a n e t  volume i n c r e a s e  and hence tend  t o  de t ach  t h e  p r o t e c t i v e  alumina s c a l e  
from the  meta l  s u r f a c e .  This  is a l s o  seen  t o  occur  p r o g r e s s i v e l y  i n  F igure  44 
i n  which,at  times up t o  60 min, t h e  o r i g i n a l  alumina s c a l e  i s  s t i l l  very  s h a r p l y  
def ined  and has  no t  d i s so lved  i n  t h e  molten s a l t .  
The above argument confirms t h a t  c o r r o s i o n  of t h e  alumina l a y e r  by t h e  
molten s a l t  a t  s e l e c t e d  s i t e s ,  l ead ing  t o  p i t  format ion ,  is one of t h e  major s t e p s  
i n  t h e  i n i t i a t i o n  of t h e  molten s a l t  a t t a c k  on t h e  a l l o y .  
B .  P o s s i b i l i t i e s  f o r  V o l a t i l e  Chlor ide  Formation 
One f i n a l  p o s s i b i l i t y  that may l e a d  t o  r u p t u r e  of t h e  alumina s c a l e  
fo l lowing  p i t t i n g  of t h e  s c a l e  i s  t h e  formation of v o l a t i l e  c h l o r i d e s  of i r o n ,  
chromium and aluminum. Th i s  w i l l  now b e  examined. 
The N a C l  may r e a c t  e i t h e r  w i t h  t h e  oxides  p re sen t  o r  wi th  t h e  meta l  phase. 
The . r eac t ions  w i t h  t h e  oxides  a r e  r ep re sen ted  by 
A12°3(s) + 6 NaCl = 2 A1C13(g) + 3 Na20(%) ; & = 322400 c a l  (AII.11) ( 2 )  473 
-%a 
Thus. P - 3 g 13 -- A m 3  ' a " ~ ~  0 2 
-2 1 
where %aC1 is taken  t o  b e  0.25 i n  t h e  l i q u i d  NaC1-NaZS04. Thus i f  aNa = 10 
2 9 
a s  c a l c u l a t e d  f o r  the l i q u i d  i n  equ i l i b r ium w i t h  t h e  atmosphere,the v a l u e  of 
P ~ l c  1, is  3 X lo-' a m .  However,at t h e  me ta l  s c a l e  i n t e r f a c e  t h e  v a l u e  of 
%a 0 i s  l i k e l y  t o  be  s u b s t a n t i a l l y  h i g h e r  t han  and s o  PALCl i s  expected 2 
-7 3 
t o  b e  cor respondingly  lower than  3 X 10 atm. Thus formation of A I C l j  gas  by 
this mechanism is noc expected t o  reach s i g n i f  i c a n f  .p?-e-ssures . 
Ca lcu la t ion  of t h e  vapor p re s su res  expected t o  o b t a i n  a t  t he  metal-scale  
i n t e r f a c e  is  d i f f i c u l t .  The r e a c t i o n  involved w i l l  b e  similar t o  
4M + 2 NaCl + Na2S04 = MC12 + MS + 2M0 + 2Na20 (AII. 13)  
The oxygen and s u l f u r  p a r t i a l  p r e s s u r e s  a r e  reduced by r e a c t i o n  wi th  t h e  
a l l o y  t o  form s u l f i d e  and oxide.  However t he  a c t i v i t y  of  t h e  meta l  s p e c i e s  
involved i s  not  known, even t h e  s p e c i e s  t h a t  form s u l f i d e  and oxide  a e n o t  c e r t a i n ,  
However s i n c e  bo th  chromium s u l f i d e  and ox ide  have been observed i n  t h e  c r o s s  
s e c t i o n s  and s i n c e  chromium c h l o r i d e  is one of t h e  more v o l a t i l e  c h l o r i d e s , i t  
i s  i n s t r u c t i v e  t o  examine t h e  equ i l i b r ium s f t u a t i o n  of t h e  fo l lowing  r e a c t i o n  
which may occur  a t  t h e  me ta l - sca l e  i n t e r f a c e .  
10 /3  C r  + 2 N a C l  + N a  SO = C r C 1 2  + CrS -+ 2 /3  C r  0  + 2 Na20 2 4 2 3 
AGO = 33625 c a l .  
The equ i l i b r ium situation i s  given by 
a  a 213 . a 2 
'crc12 CrS Cr203 N a 2  0  
a 
1013 2 
C r  . a . a N a C l  Na2S04 
P u t t i ~ g  a - N a C l  - OeZ5, aNa SO = 0.75,  aCr = 1 2 4 s 
we o b t a i n  
( A I I .  14)  
(AIE.  15)  
( A I I .  16)  
The a c t i v i t y  of chromium a t  t h e  a l l o v  s c a l e  i n t e r f a c e  is no t  known b u t  may be  
s e t  a t  a = 0.2  from t h e  a l l o v  cnmnosition, 
C r  
s i n c e  t h e  concen t r a t ion  i n  t h e  b u l k  a l l o y  is 202- 
Thus 
( A I I .  17)  
The v a l u e  of a N a  0  i n  t h e  l i q u i d  formed a t  t h e  meta l - sca le  i n t e r f a c e  is d i f f i c u l t  2  
t o  a s s e s s , h o ~ ~ c v e r ,  t he  s t r o n g  tendency of t h e  meta ls  t o  form oxides  and s u l f i d e s ~ w i l l  
f o r c e  rhe r e a c t i o n  below t o  t h e  r i g h t  
and thus  t h e  a c t j i v i t y  of N a  0 is expected t o  b e  h igh  r a t h e r  t han  low. 2 
-4 In t h i s  c a s e  t h e  p r e s s u r e  of C r C 1 2  i s  expected t o  reach  va lues  between 10 
and 10-l~ at, a t  the metal-scale interface.  
It therefore appears reasonable to  conclude that  the formation of  
vola t i les  a t  the metal-scale interface i s  unlikely t o  reach pressures high 
enough to cause the alumina scale  to l i f t  and fracture.  
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NACL PAKTLCLE EX.POSED TO A I R  A N D  0.2:; SO2 A'i' COO C .  FOli 3 0  YINUTES. 
FIGURE 12 

EDAX OF AL 0 SUBSTRATE; 
NO C H U ) R I ~  PEAK. 
EDAX OF NACL PARTICLE; 
SULFUR AND CIfLORINE PKESEWI. 
FlGURE 14 
iT!lCI. PARI'ICIS. AN11 AL 0 .  S1:CSTRATE EXPOSED TO A I R  AND 0.22  S O p  ArI. 
2 3 
ooo@ i: . FOR ro1.x HOI;KS. 
0  
NACL l~At i r I r : I ,E  1;XPOSEL) r0 A111 PLIiS 0.99% SO., - AT 600 C .  FOR 10 MINIJTES. 
1 1  1 5  

EDAX O F  AL203 SUBSTRATE; 
SULFUR CONTELT PRESEhT. 
0 
L 0.. SiES  lIL11'L. Cl I 'OSCD 'PO A lit RKL) 0.99; SOp  -\'I 600 C .  1'OR 30 MINIPPES. 2 4 
FIGURE d l  
FIGURE 38 Remnant NaCl particle after exposure to 
air + 1% SO, at 60006 far 60 min. 
EDAX OF A L 2 0 3  SlrGSTRATE; 
CO?lPARES ELEMENTAL COM- 
PONENTS OF T1-K IAWR AND 
OUTER R I N G S .  
0 
AL,  0 SUOSrKATE EXPOS1:D T O  A I R  AN11 0.99% SO2 8'1' b50 C .  FOR 10 , ' lINUTES. 2 3 
FIGURE 19 
EDAX OF AL, O3 SUBSTRATE 
NEAR THE ~ C L  PARTICLE; 
H I G I l  SULFLTli COhTENT NOTED. 
AL20., S~~I:SI'lG\TE TN TIIE \.'ICINTTY 01' T I E  NACL PARTICLE AfTER EXPOSL9iE TO 
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0 
l q l H  :\~\;IJ 0.40Ij.' SO, Arl' ~ 5 0  C ,  rOIi 30 \IINIflES. 
FDGUWE 20 
L ,  0 ,  SITCSIR\I.E EXPOSED 1;0 A I R  AM 0.99:. SO, 050' C .  FOR O X  IlOill<S. 
2 4 . 




Phase diagram of NaCI-Na,SO, system. 
NoCI + 
- (3 Na2SO4 -.I 
-- 
- NoCl+a  Na2S04 
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30' min 20pm 
for 30 min and 240 min, 
F!GURE 25 Rapid growth of Na2S0, clusters in air 
+ 8.5% SO2 + 0.5% H20 at 5000C. 
FIGURE 26 Clusters of Na,SO, after 30 min in air 
+ 0.1% SO,+ 1% H,O at 600°C. 
b.) . I 
Particle 
FIGURE 28 )\la2S0, clusters formed in air $- 0.1% SO, 
+ 1% W at 600° C. 
I c . ,  
0 XA(:L PLIK~L(:LC CXPOSCD y o  .I] 12. O .  2 SO,, AND 1.0. ' I I , , ~  {I r -mo c .  
L - 
I'OK OIT 1101-R. 
FIGURE 30 
Ni substrate 
quartz supporter ,/ 
FIGURE 3 1 Aluminum free deposit aan substrate placed 
in cold zone sf furnace, 
normal position 
FIGURE 32 Effect cf target orientation on generation of A l  peak 
FIGURE 33 
Reactlon Mechanisms Below 8 2 5 * ~  
, eutectlc liquld \ 
\-- ~ l t o  zone / . I  
''*@0* 
Early stages in presence of NaCl 
W a C l  h .ut.etlc Ilw# reaoto to torm WqSO+..Sotld#lcatIon by romctlon occurs 
Late Stage8 after evaporation of original NaCl 
Reaction Mechanismr Above 6 2 5 ' ~  
FIGURE 35(a) Surfaoe and section of a -A1203  layer 
on psreoxldiaed HOS-875. 
- x 
image 
Gross s e ~ t i ~ n  af a - A @ 2 0 3  formed on HOS-875 a f t e r  
1 2  hougs in air a t  1 3 0 ~ ' ~ ~  
FIGURE 36 7 0 0 ~ ~  Alr w i t h l %  S O ,  
P r e o x i d l s e d  H88-875 gxpased a@ above for 28 minutes 
adtee sal t  Bepss l8 l sw= 
FIGURE 37 700'~ Air  wi th  1% SO, 
Pr@oxidi(l@d B O S - 8 7 5  e % p @ ~ @ d  as above f c r  30 minutes 
s h e w i n g  esmpcpsitian d@tails in ssction. 
FIGURE 38 7 0 0 ' ~  Air with 1% SO, 
Preoxidised HOS-875 exposed as above for 60 minutes 
%hawing camposition details in section. 
d sm, 
39 Morphology of deposit% on Ai203 after 1 hr. 
.\&! 
'a.  
40 r n ~ t p n ~ i ~ ~ y  at deposit8 on A I ~ O ~  after 1 hr. 
at 7 0 8 ' ~  in air+l%S02. 

FIGURE 42 Washed surface : NaCl coated preoxidired HOS-875 
exposed to air + 1% SO, for 1 hr at 650°C. 
Very porous substrate surfacee 
NaCl coated, 2 hrs in air at 653"~ 
Na2S04 coated, 2 hrs in a i r + ~ % ~ ~ ~  at 6 3 1 ' ~  


FIGURE 45 Scale formed on preoxidized HOS-875 
after 5 min under NaCl -Na,S04 melt. 
Note rounded alumina grains and pinholes. 
R a R E  46 Preoxldised 1.105-875 after 10 minutes under NeCI-Na,SO, melt. 
SuDf ides growing outwards and S C ~ D ~ P  Bif f 1s apparanf, 
FIGURE 47 Surface of preoxidized HOS-875 after heating 
to 700°C and furnance cool to 200C. 
FiGURE 48 Pr@oxidized HOS-875 w i thoa t  %BOP coat ing 
exposed to ale. -$- 1% SO2 a t  l (dQ0C far d tar. : Back 
of s u l f i d e  formation betwsen aglumina Paysf and metal, 
